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Preface 


In operating the Spectroscopy Laboratory of the Massachusetts 
Institute of Tec'linology, the authors have for some years felt the 
need of a text and reference book that would help the worker in any 
branch of science to evaluate the aid which the techniques of spec¬ 
troscopy might lend to the solution of his own problems. In our 
attempt to fill this need, we, ns a physicist, a chemist, and a bio¬ 
physicist, respectively, have tried to synthesize our three viewpoints 
in a way that would be helpful to all who use or might use the tech¬ 
niques of experimental spectroscopy. 

Since other texts are available which present effectively the history 
of spectroscopy, we have avoided the historical method of approach 
and have attempted rather to give a comprehensive view of the 
status and possibilities of experimental spectroscopy as it exists 
today. Because the subject matter to be covered is so extensive, 
we have had to choose between comprehensive and exhaustive cover¬ 
age and have selected the former alternative. 

In Chapter 1 we view the field as from a great altitude, to enable 
the reader who is unacquainted with the methods and accomplish¬ 
ments of spectroscopy to judge for himself which parts, if any, may be 
of importance to him. In the remainder of the book we reconsider 
the various topics in considerably greater detail. We have en¬ 
deavoured to include a sufficient number of appropriate specific 
references to the literature to enable the reader to investigate still 
more closely subjects which may directly concern him. 

References to specific points are given as footnotes; at the ends of 
most chapters appropriate general references are also given. While 
the bibliography is not intended to be exhaustive, we have attempted 
in specific references to cite both the original and the most up-to-date 
treatment of the topic involved, and in the general references to 
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cover the subject broadly. Since we discuss many topics ron 
several viewpoints, we have made liberal use of cross-references 
A book covering sj)ectroscopy from several aspects is likely to co- 
tain a certain amount of inconsistency in terminology. Resolutio? 
of such inconsistencies is not made simpler by the fact that the syn 
bology of spectroscopy is far from stabilized. j 

We gratefully acknowledge the courtesy of the Technology Pres' | 
John Wiley and Sons, the McGraw-Hill Book Co., Inc., Prentio | 
Hall, Inc., and others as specified later, for permission to reproduc 
figures and tables, and appreciate deeply the willing cooperation o 
the various manufacturers of spectroscopic equipment who have* 
furnished illustrations of apparatus, as credited in each instance. 
We are especially grateful for the suggestions of Messrs. W. R. Erode, 
R. S. McDonald, W. F. Meggers, K. W. Meissner, R. A. Sawyer, 
A. L. Schoen, and Van Zandt Williams, each of whom has read and 
criticized one or more chapters dealing with his own specialty. We 
also thank Professor Donald H. Menzel, editor of the series of which 
the book forms a part, for his suggestions r(‘garding the manuscript. 

George R. Harrison 
Richard C. Lord 
John R. Loofbourow 


Cambridge, Massachusetts 



Contents 


CHAPTER PAGE 

1. SPECTROSCOPY AS A SCIENTIFIC TOOL. 1 

The Spectrum. 1 


1.1 Spectroscopy. 1.2 Origins of Spectroscopy. 1.3 Meas¬ 
urement of the Spectrum. 1.4 The Infrared Spectrum. 

1.5 The Visible Spectrum. 1.6 The Ultraviolet. 1.7 Spec¬ 
troscopes and Spectrographs. 

Techp^iques of Spectroscopy . 10 

1.8 Emission Spectroscopy. 1.9 Qualitative Spectroscopic 
Analysis of Materials. 1.10 Quantitative Spectroscopic 
Analysis. 1.11 Absorption Spectroscopy. 1.12 Absorption 
Spectrophotometry. 1.13 Fluorescence Spectroscopy. 

Uses of Spectroscopy . 15 

1.14 The Spectroscope in Chemistry. 1.15 Spectroscopy in 
Astronomy. 1.16 Spectroscopy in Physics. 1.17 Spectros¬ 
copy in Biology and Medicine. 1.18 Spectroscopy in Food 
Research. 1.19 Spectroscopy in Metallurgy and Mineralogy. 

1.20 Forensic Spectroscopy. 

2. SELECTION OF SPECTROSCOPIC INSTRUMENTS ... 27 

2.1 Dispersion. 2.2 Resolving Power. 2.3 The Dispersing 
Element. 2.4 Dispersing Prisms. 2.5 Diffraction Gratings. 

2.6 The Slit. 2.7 The Collimating and Fcxiusing Systems. 

2.8 Observing and Recording Systems. 2.9 Comparison of 
Prism and Grating Spectrographs. 2.10 Speed and Efficiency. 

2.11 Scattered Light and False Lines. 2.12 Shapes of Spec¬ 
trum Lines. 2.13 Astigmatism. 2.14 Space Requirements. 

2.15 Summary of Comparison. 2.16 Monochromatic Illumi¬ 
nators. 

8. PRISM SPECTROSCOPES AND SPECTROGRAPHS ... 51 

3.1 Materials for Dispersive Prisms. 3.2 The Simple Spec¬ 
trometer. 3.8 Modern Wavelength Spectrometers. 3.4 Di¬ 
rect-Vision Spectroscopes. 3.5 Portable Spectrographs. 3.6 
Special Glass-Prism Spectrographs. 3.7 Quartz-Prism 







viii 


CONTENTS 


CHAPTEB page 

Spectrographs. S.S The Littrow Mounting. 3.9 The Fery 
Spectrograph. 3.10 The Gacrtiier Large Quartz Spectro¬ 
graph. 3.11 Spectrographs with Interchangeable Ojjtical 
Systems. 3.12 Prism Monochromators. 

4. DIFFRACTION-GRATING SPECTROGRAPHS. 71 

4.1 PIaiK*-Grating Spectrographs. 4.2 The Rowland Con¬ 
cave Grating. 4.3 'Ilic Rowland Mounting. 4.4 The Abney 
Mounting. 4.5 The Paschen-Runge Mounting. 4.0 The 
Eagle Mounting. 4.7 The Wadsworth Stigmalic Mounting. 

4.8 The Choice of a Grating Mounting. 4.9 Astigmatism of 
the Concave Grating and Its Reduction. 4.10 The Testing of 
Diffraction Gratings. 4.11 Grating Monochromators. 

5. THE TESTING, ADJUSTMENT, AND CARE OF SPEC¬ 


TROSCOPIC EQUIPMENT. 90 

The Testing of Spectkoscxjpic Components . 90 


5.1 The Testing of Slits. 5.2 The Testing of Prisms and 
Lenses. 5.3 The Testing of Gratings. 5.4 'I'he Testing of 
Prism Spectrographs. 5.5 The Hartmann Test. 

Adjustment of Prism and Grating Spectrographs .... 103 

5.0 Adjustments Recjuired for Various Types of Instruments. 

5.7 Adjustment of Slit Width and Length. 5.8 Adjustment 
of Slit Perpendicular to the Direction of Dispersion. 5.9 Fo¬ 
cusing the Spectrum: Commercial Prism Spectrographs. 

5.10 Focusing the Spectrum: Commercial Littrow and Eagle- 
Mounting Spectrograjdis. 5.11 Adjustment of Spectrometers. 

5.12 Adjustment of Concave (iratings. 5.13 Adjustment of 
Wadsworth Grating Mountings. 5.14 Adjustment of Plane 


Gratings. 

The Care of Spectroscopic Equipment .115 

5.15 General. 5.10 Care of Mirrors, J'risms, and Lenses. 

5.17 Cleaning and Care of Gratings. 

6. ILLUMINATION OF THE SPECTROSCOPE.118 

0.1 Coherent and Noncoherent Radiation. 0.2 Spectral 


Line Shape and the Rayleigh Criterion for Resolution. 0.3 Se¬ 
lection of Optimum Slit Width. 0.4 Filling the Aperture of 
the Spectroscope with Light. 6.5 Use of a Condensing Lens 
or Mirror. 6.0 Uniform Illumination of the Slit. 6.7 Illumi¬ 
nation of the Slit by a Source Extended in Depth. 6.8 Illumi¬ 
nation to Obtain Maximum Radiant Intensity or Total Radi¬ 
ant Power in the Spectral Image. 6.9 Fac'tors Governing the 
Radiant Power Transmission of a Spectroscopic System. 6.10 
Effect of Entrance Slit Width on Spectral Purity. 6.11 Effect 








CONTENTS 


IX 


CHAPTER PAGE 

of Exit Slit. 6.12 Expression for Radiant Power Transmission 
of a Spectroscopic System. 

7. PHOTOGRAPHY OF THE SPECTRUM.141 


7.1 Pliotographic Plates and Films. 7.2 Resj>onse of the 
Emulsion to Light. 7.8 Contrast. 7.4 Speed, Inertia, and 
Latitude. 7.5 Resolving Power and Graininess. 7.0 Types 
of Plates and P^ilms. 7.7 Variation of Emulsion Characteris¬ 
tics with Wavelength. 7.8 Storage and Handling of Photo¬ 
graphic Materials. 7.9 The Photographic Darkroom. 7.10 
Development and Processing. 7.11 Developers. 7.12 Com¬ 
mon Defects in Spectrum Photographs. 7.18 The Eherhard 
Effect. 7.14 Halation and Sprt*ading. 7.15 Photography of 
Various Regions of the Spectrum. 7.16 Selection of Spec¬ 


trally Sensitive Emulsions. 

8. LIGHT SOURCES FOR SPECTROSCOPY.166 

General Characteristics of Sources .167 

8.1 Spectral Energy Distribution. 8.2 The Power Output of 
Sources. 8.8 Practical Considerations. 

Thermal Emission Sources .170 


8.4 Spectral Characteristics of Blackbody Radiation. 8.5 
Blackbody Radiators. 8.6 Incandescent Electric Lamps. 

8.7 Enclosed Metallic Arcs with Incandescent Electrodes. 

8.8 Low-Temperature Thermal Radiators. 8.9 Other Ther¬ 


mal Radiators. 

Oi*EN Arcs. 179 

8.10 Electrical Characteristics. 8.11 Carbon Arcs. 8.12 
Metallic Arcs. 

Enclosed Arcs.184 

8.13 Electrical Characteristics. 8.14 Low-Pressure Mercury 
Ares. 8.15 Higli-Pressurc Mercury Arcs. 8.16 Other En¬ 
closed Metallic-Vapor Arcs. 8.17 Enclosed Carbon Arcs. 

Discharge Tubes.188 

8.18 General Characteristics. 8.19 Glow-Discharge Tubes. 

Electric Sparks .192 

8.20 General Characteristics. 8.21 The Spark in Air and 


Other Gases. 8.22 The Hot Spark in Vacuum. 8.23 The 
Underwater Spark. 8.24 The Spark as a Source in Qualita¬ 
tive and Quantitative Analysis. 

Miscellaneous Sources . 196 

8.25 Cathodoluminescence Devices. 8.26 Fluorescence, 
Phosphorescence, Resonance Radiation, and Chemilumines- 












X 


CONTENTS 


CHAPTER page 

cence. 8.27 Pulsed Discharge Tubes. 8.28 The Sun as a 
Source of Radiation. 

9. I1>ENTIFICATI0N OF SPECTRUM LINES.199 

9.1 Identification of Lines and Bands by Appearance. 9.2 
Identification by Comparison Spectra. 9.3 Spectrum Charts 
for Comparison. 9.4 Identification of Lines by Wavelength 
Determination. 9.5 Measurement of Spectrograms. 9.6 IJse 
of the Comj)arator. 9.7 Calculation of Wavelengths. 9.8 
Standards of Wavelength. 9.9 Intensity Estimates. 9.10 
Catalogues of Wavelengths. 9.11 The Harrison Automatic 
Comparator. 9.12 Limitations of Wavelength Measurement 


with Diffraction Gratings. 

10. THE ORIGINS OF ATOMIC SPECTRA.228 

Spectral Series and Atomic Energy States .228 


10.1 The Hydrogen Atom. 10.2 Quantum Numbers in 
Atomic Spectra. 10.3 Series in Atoms with Many Electrons. 

10.4 Multiplicity in Atomic Spectra. 

Line Intensities in Atomic Spectra .243 

10.5 Some Basic Results of Quantum Mechanics. 10.6 Selec¬ 
tion Rules and InteiLsitics of Spectral Lines. 10.7 The Effect 
of External Influences on Atomic Spectra. 10.8 The Stark 
and Zeeman Effects. 

Atomic Spectra and Atomic Structure.252 

10.9 The Pauli Exclusion Priiu^iple and the Periodic Table. 

11. MOLECULAR SPECTRA AND MOLECULAR STRUCTURE 261 
Energy Levels in Molecules .261 

11.1 Rotational Energy Levels in Molecules. 11.2 Vibra¬ 
tional Energy Levels. 11.3 Electronic Energy Levels. 

Molecular Selection Rules and the Appearance of Mo¬ 
lecular Spectra.276 

11.4 Pure Rotational Spectra. 11.5 Vibrational Spectra. 

11.6 Rotational Fine Structure in Vibrational Spectra. 11.7 
Electronic Spectra of Diatomic Molecules. 11.8 Vibrational 
Structure of Diatomic Spectra. 11,9 Rotational Fine Struc¬ 
ture of an Electronic-Vibrational Band. 11.10 Electronic 
Spectra of Polyatomic Molecules. 11.11 Vibrational Struc¬ 
ture of Electronic Spectra in Polyatomic Molecules. 11.12 
Rotational Fine Structure in Electronic Spectra. 11.13 The 
Effects of External Influences on Molecular Spectra. 11.14 
Summary of Molecular Spectra. 










CONTENTS 


XI 


CHAPTER PACE 

THE MEASUREMENT OF SPECTRAL INTENSITIES . 300 

Radiometuy .302 


12.1 Bolometers. 12.2 Metal Bolometers. 12.3 Semicon¬ 
ductor Bolometers. 12.4 A Superconductor Bolometer. 12.5 
Thermocouples and Thermoj^iles. 12.6 Other Thermal De¬ 
tectors. 12.7 Amplification and Recording Methods in 
Radit)metry. 12.8 Photorelays. 12.9 Alternating-Current 
Amplifiers. 12.10 A Direct-Current Amplifier. 12.11 Re¬ 
corders. 

Photoelectric Measurement of Intensity .314 

12.12 Photoemissive Cells and Electron-Multiplier Tubes. 

12.13 Photocondactive Cells. 12.14 Photovoltaic Cells. 

12.15 The Iucorj)oration of the Photocell in the Spectrograph. 

12.16 Amplification and Recording of Photocurrents. 12.17 


Photoelectric Spectrometers. 

13. PHOTOGRAPHIC PHOTOMETRY.326 

13.1 Photometric Characteristics of the Emulsion. 

Homociiromatic Photometry .330 

13.2 Calibrating the Emulsion. 13.3 Methods of Varying 
Light Intensity. 

Heterochromatic Photometry .342 

13.4 Uses of Heterochromatic Photometry. 13.5 Light 
Sources for Standardization. 

Apparatus and Methods for Photographic Photometry . 346 


13.6 Selection of the Spectrograph. 13.7 Selection of the 
Emulsion. 13.8 Timing the Exposure. 13.9 The Brush 
Effect. 13.10 Processing the Spectrogram. 13.11 Short- 
Cut Methods of Photographic Photometry. 


Densitometry .350 

13.12 Densitomet(Ts. 13.13 Pholoelectric Densitometers, 


13.14 Thermoelectric Densitometers. 13.15 Ojieration of the 
Densitometer. 13.16 Recording Densitometers. 13.17 Pre¬ 
cision of Densitometers. 13.18 Special Computing Densi¬ 
tometers. 

14. ABSORPTION SPECTROPHOTOMETRY.362 

Laws of Absorption and their Application to Absorption 
Spectrophotometry .362 

14.1 Lambert’s Law. 14.2 Beer’s Law. 14.3 Variables 
Measured in Absorption Spectrophotometry. 14.4 Elimi¬ 
nation of Effects Due to Reflections and Absorption by Cell 
Windows and by Solvents. 14.5 Presentation of Data. 











Xil 


CONTENTS 


CHAPTER PAGE 

Selection of Apparatus for Absorption Spectrophotometry 308 

14.0 Choice of Source of Radiation. 14.7 Choice of Absorp¬ 
tion Cells. 14.8 Choice of Spectrophotometric Method. 

Visual Absorption Spectrophotometry .874 

14.9 General Considerations. 14.10 Advanta^^es and Limita¬ 
tions of the Visual Method. 14.11 Instruments Ushig the 
Martens Type of Polarizing Photometer. 14.152 Hilger-Nut- 
ting Polarizing Spectrophotometer. 14.13 Manipulation of 
Polarizing Spectrophotometers. 14.14 Other Visual Spectro¬ 
photometers and Their Manipulation. 

Photographic Absorption Spectrophotometry .384 

14.1,') General Considerations. 14.16 Advantages and Limi¬ 
tations of tlie Photographic Method. 14.17 S})ectrogra])lis for 
Photograj)hic Ahsorj)tion Spectrophotometry. 14.18 Photo¬ 
graphic Materials and Processing. 14.19 Semicjuanlitative 
and Plate-Calibration Methods. 14.20 Split-Beam Photo¬ 
meters. 14.21 Multiple-Beam Photometers. 14.22 Considera¬ 
tions Governing Alignment and Ilhiinination. 14.23 Choice 
of Density in Specimens: Determination of Match Points. 

14.24 Precision of Determination of Wavelengths and 
Densities. 

Photoelectric Absorption Spectrophotometry .399 

14.2-5 General Considerations. 14.26 Point-by-Point Instru¬ 
ments for Relative Intensity Measurements. 14.27 Photo¬ 
electric Null Methods: Nonrecording. 14.28 Automatic 
Recording Photoelectric Spectrophotometers. 14.29 Abbre¬ 
viated Alisorption Spectrophotometry and Fluorimetry. 

14.30 Optical Filters. 

Absorption of Substances in Solution .417 

14.31 General Remarks Regarding Solvents. 14.32 Absorp¬ 
tion by Solvents; Purification. 14.33 Relation of Absorption 
to Chemical Constitution. 14.34 PhobK^iemical Effects. 
Fluorescence. 

15. QUALITATIVE SPECTROGRAPHIC ANALYSIS OF MA¬ 
TERIALS .424 

15.1 Sensitivity of Detection of Various Elements. 15.2 
Sensitive Lines and Ultimate I>ines. 15.3 Improvement of 
Sensitivity Limits. 15.4 Identification of Elements. 15.5 
Light Sources and Handling of Material. 15.6 Moving-Plate 
and Fractional Distillation Methods. 15.7 Analysis for Ele¬ 
ments Difficult to Detect. 15.8 The Qualitative Analysis. 








CONTENTS 


xiii 


CIIAPl'ER TACJE 

16. QUANTITATIVE SPECTROCHEMICAL ANALYSIS . . . 450 

I'liE Basic Method of Quantitative Analysis .451 


16.1 Basic Procedure. 16.2 Sources of Excitation. 16.3 
Form and Preparation of tlie Sample. 16.4 Standards for 
Comparison. 16.5 Burning of the Sample. 16.() Selection 
and Use of the Spectrograph. 16.7 Selection of Lines for 
Quantritative Analysis—The Working Curve. 16.8 The Cali¬ 
bration Curve. 16.9 A Typical Analysis. 

Special Methods .461 

16.10 The Method of Internal Standards. 16.11 Methods 
for High Concentrations. 16.12 Methods for Extremely Low 
Concentrations. 16.13 High-Precision, Rapid, and Short- 
Cut Methods. 16.14 Methods for Special Elements. 16.15 
Photoele(*tric Methods of Analysis. 

17. SPECTROSCOPY OF THE INFRARED REGION ... 472 

17.1 Radiation Sources and Filters for Infrared Spectroscopy. 

17.2 Prism Spectrometers for the Infrared. 17.3 Grating 
Spectrometers. 17.4 The Measurement of Infrared Absorp¬ 
tion. 

Applications of Infrared Spectroscopy .494 

17.5 Qualitative Chemical Analysis by Infrared Abs<)rptiori 
Spectra. 17.6 (Juantitative Chemical Analysis by Infrared 
Absoqition Spectra, 17.7 The Determination of Molecular 
Structure from Infrared Spectra. 17.8 Astrophysical and 
Biological Applications of Infrared Spectrost^opy. 

18. RAMAN SPECTROSCOPY.506 

18.1 The Raman Effect. 18.2 Technique of tlie Raman 
Effect. 18.3 Sources for Excitation of the Raman Effect. 

18.4 Filters for the Raman Effect. 18.5 Arrangement of tlie 
Excitation Unit. 18.6 The Scattering Tube. 18.7 Spc(*tro- 
graphs for the Raman Effect. 18.8 Measurement of Intensity 
and Polarization of Raman Lines. 18.9 Applications of the 
Raman Effect. 18.10 Determination of Molecular Structure. 


18.11 Qualitative and Quantitative Chemical Analysis. 

19. SPECTROSCOPY OF THE VACUUM ULTRAVIOLET . . 530 

Spectrographs for the Vacuum Ultravioi.et .531 


19.1 General Considerations. 19.2 Prism Spectrographs. 

19.3 Normal-Inciden<!e Grating Spectrographs. 19.4 Graz¬ 
ing-Incidence Grating Spectrographs. 19.5 Housings and 
Vacuum Equipment. 








XiV 


CONTENTS 


CHAPTER PAGE 


Accessory Apparatus .540 

19.6 Light SouTces. 19.7 Pliotographic Materials. 19.8 
N()nplu)t()graphic Kacliation Detectors. 19.9 Accessories for 
Absorption Measiirenieiits. 

Applications .545 

19.10 Atomic Speetra. 19.11 Wavelength Standards. 19.12 
Molecular Spectra. 19.18. Miscellaneous Applications. 

20. INTERFEROMETRIC SPECTROSCOPY.547 


20.1 Line Broadening and Its Causes. 20.2 Line Sources for 
High-Resolution Spectroscopy. 20.8 Selection of a Spectro¬ 
scope of High Resolving Power. 20,4 Limitations of Diffrac¬ 
tion Gratings at High Resolutions. 20.5 The Lumrner- 
Gclircke Plate. 20.6 The Fabry-Perot Etalon. 20.7 Opera¬ 
tion and Design of the Etalon. 20.8 Plate Coatings for the 
Etalon. 20.9 Adjustment of the Etalon. 20.10 Crossing of 
Etalon Dispersion with that of a Spectroscope. 20.11 Reduc¬ 
tion of Etalon Patterns. 20.12 Direct Determination of 
Wavelengths from Fabry-Perot Patterns. 20.18 'The Michel- 
son-Williams Echelon. 20.14 Optical Sy.stems Using the 
Reflection Echelon. 

APPENDIX 1. Sensitive Lines of the Elements Arranged Ac¬ 


cording to Elements.574 

APPENDIX 2. Sensitive lanes of the Elements Arranged Ac¬ 
cording to Wavelengths.582 

INDEX.587 









PRACTICAL 

SPECTROSCOPY 




CHAPTER 1 


Spectroscopy as a Scientific Tool 


The accomplishments achieved by scientists throii^li use of the 
spectroscope form a list so imposing as to leave no doubt that this 
instrument is one of the most powerful now available for investigating 
the natural universe. But spectroscopy is valuable not only to the 
research scituitist; it finds everyday and increasing use in technolog¬ 
ical laboratories. Today directors of such varied enterprises as 
factories, assay offices, arsenals, mines, crime detection bureaus, 
public health departments, hospitals, museums, and technical re¬ 
search institutes consider access to spc^ctroscopic equipment essential 
to the proper functioning of their laboratories. 


THE SPECTRUM 

A spectrum has been defined as the ordered arrangement of radiation 
according to wavelength. Electromagnetic radiations have been dis¬ 
covered that have wavelengths of every value in the range from 
thousands of kilometers to trillionths of a millimeter. A complete 
electromagnetic spectrum would comprise all these radiations ar¬ 
ranged in order from the longest to the shortest wavelengths. Since 
no single instrument exists that will separate radiation containing all 
these wavelengths into a spectrum, the electromagnetic spectrum has 
been divided into various “regions” in accordance with the types of 
instruments available to produce and detect the waves of various 
lengths. 

Long electromagnetic waves, upwards of a meter in length, can be 
separated from each other by means of ordinary tuned radio circuits. 
Shorter waves, down to a few millimeters long, can be analyzed by 
microwave equipment. When absorbed by matter, all electro¬ 
magnetic waves produce heat. Since waves shorter than a few 
millimeters and longer than about 3 X 10"^ mm can be detected by 
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this effect more readily than by any other, they are often called heat 
waves. The range of waves from a few millimeters to 2.5 X mm 
in length is known as the/ar infrared region; that from 2.5 X 10~‘^ to 
7.5 X 10"'* mm is known as the near infrared. Waves that can be 
seen by the eye range in length from 7.5 X 10"^ mm in the red to 
4 X 10"^ mm in the violet; this range is called the visible region. 
Waves slightly too short to see, 4 X 10"'* to 3 X 10“^ mm, lie in the 
near ultraviolet; then come the far ultraviolet and the extreme ultra¬ 
violet regions, which extend from 3 X 10"^ to 2 X 10"^ mm and from 
there to 2 X 10"® mm, respectively. Since air is opaque to these 
shorter waves, they are studied in vacuum, and the range from 
2 X 10"^ to 2 X 10“® mm is also known as the vacuum ultraviolet. We 
then come to the region of soft Xrays, and below 10"^ mm to the 
hard Xray and gamma-ray regions, to which air is again transparent. 
The names, ranges, and properties of these spectral regions are sum¬ 
marized in Table 1.1. 

1.1. Spectroscopy. The term spectroscopy as used in this book is 
restricted to the study of those radiations which lie in the infrared, 
visible, ultraviolet, and vacuum ultraviolet regions. The techniques 
discussed are quite distinct from those used in such fields as micro- 
wave spectroscopy. X-ray spectroscopy, gamma-ray spectroscopy, 
and mass spectroscopy. We are concerned here only with those 
electromagnetic waves which can readily be separated into a spectrum 
by means of prisms, optical gratings, and optical interferometers. 

1.2. Origins of Spectroscopy. The best-known early investigator 
of the spectrum was Sir Isaac Newton, who in 1666 inserted a prism 
in a beam of sunlight shining into a dark room and saw a band of 
colors on the wall. By using a lens in conjunction with the prism he 
was able to spread the colors out into a fairly pure spectrum 10 in. 
long. He fell short of producing a spectroscope of the modern type 
only because he let the light shine through a round hole instead of a 
narrow slit. It was not until 1802 that W. H. Wollaston, and in 1814 
Joseph Fraunhofer, independently observed spectrum lines, that is, 
images of a narrow slit each containing only light of one color. The 
first practical spectroscope was developed by G. R. Kirchhoff and 
R. Bunsen in 1859. 

Newton is responsible for the practical application of the prism and 
Fraunhofer for that of the diffraction grating; these are the basic 
components used in spectroscopes today to separate the wavelengths 
of light. Kirchhoff and Bunsen showed that the spectroscope could 
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TABLE l.l 

The Spectroscopic Part of the Electromagnetic Spectrum 
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be used as a new means of qualitative chemical analysis; with it they 
discovered several new elements and were able to demonstrate the 
presence of many known elements in the sun. They are in a very real 
sense the founders of modern spectroscopy. 

1.3. Measurement of the Spectrum. The waves with which we 
are here concerned have lengths lying between 1 mm and 10“® mm, 
wdiich can be measured with a precision varying from one part in ten 
thousand to one part in sixty million, depending on the spectral region 
involved. Various systems of units have been developed in which to 
record wavelengths conveniently; of these the following are the most 
common: 


1 fjL (micron) = 10 ^ cm = 10 ^ mm 
1 m/x (millimicron) = 10 '^ cm = 10 mm 
1 A (angstrom*) = 10~® cm = 10~^ mm 
1 M - 10,000 A = 1000 niM 

In the infrared region wavelengths are commonly measured in 
microns, and in the range shorter than I fx in angstroms. Chemists 
and biologists frequently use the millimicron. The mean wavelength 
of the strong yellow light emitted by sodium atoms is, in the three 
systems, 0.5893 g, 589.3 mg, and 5893 A. 

Spectroscopes analyze radiation in accordance with its wavelengths, 
but atoms and molecules emit radiation of characteristic frequencies. 
In a sense frequency is more fundamental than wavelength, for the 
frequency of monochromatic light remains constant no matter in what 
medium it may be traveling, whereas the wavelength varies inversely 
with the velocity of light in the medium. Therefore, in addition to 
the wavelength X of a beam of light, it is often useful to specify the 
frequency of oscillation v. This is related to X by the formula 
X*' = C(w,), where is the velocity of light in the medium. Fre¬ 
quencies in the optical range are, however, very large numbers 
(4 to 7.5 X lO^'*), and it is more convenient to use a smaller number, 
the wave number a, which is the number of waves per centimeter of 
path in vacuum. X and <r are related by the formula Xa = 10® when 
X is expressed in angstroms, a is then expressed in reciprocal centi¬ 
meters, written cm“^ 

1.4. The Infrared Spectrum. Sir William Herschel in 1800 used a 
simple thermometer to measure the heating power of the various 


For a more exact definition of the angstrom see § 9.8. 
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colors in the spectrum of sunlight. He found the greatest heating 
effect entirely outside the visible portion, just beyond the red edge of 
the spectrum. Thus he discovered the infrared region. His son, 
Sir John Herschel, in 1840 moistened a piece of blackened paper ^ith 
alcohol and found that the alcohol evaporated faster in certain places 
than in others when the infrared part of the solar spectrum was 
allowed to fall on it, revealing in this way the presence of infrared 
bands of absorption and transmission. 

Infrared radiation can be dispersed into a spectrum by means of 
coarse diffraction gratings or prisms of special material such as rock 
salt, which is transparent to much longer waves than is glass, and the 
rays can then be detected with a device sensitive to small heating 
effects. Bolometers, thermocouples, and various other radiometers 
can be used for this purpose. Globar heaters and other incandescent 
sources emit infrared radiation profusely. The methods and ap¬ 
paratus used for infrared spectroscopy are discussed in detail in 
Chapter 17. 

The infrared region, as has been indicated, is conveniently divided 
into the near infrared, which extends from the edge of the visible up to 
about 25 (250,000 A) and the far infrared, which extends from tlie 

near infrared to 1 mm (1000 ju or 10 million angstroms). The dis¬ 
tinction between regions is usually made on the basis of the type of 
spectrograph used, since prisms have not been available wliich trans¬ 
mit much beyond 25 g. However, the two spectral regions also 
corres[)ond roughly to those which contain the vibrational frequencies 
of light molecules (near infrared) and their rotational frequencies (far 
infrared). A further subdivision of the near infrared is sometimes 
made when spectroscopists distinguish a region called the photographic 
or photoelectric infrared, because radiation of wavelengths up to the 
neighborhood of 2 g can be detected photographically and photo- 
electrically. Radiation in this region penetrates atmospheric haze 
better than do the shorter waves of visible light, and so infrared pho¬ 
tography is useful when long distances are involved in camera work. 
The invisibility of these waves also makes them of importance in 
military signaling. Contrary to a widespread impression, however, 
infrared radiation in the photographic and photoelectric region will 
not penetrate fog or mist to a significantly greater extent than will 
visible radiation. 

The near infrared spectrum has assumed great importance in 
chemical and biological research because of the highly specific absorp- 
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tion of chemical compounds at these wavelengths. The near infrared 
absorption spectrum of a molecule has aptly been called the molecule’s 
fingerprint. Recent development of good commercial infrared prism 
spectrometers has done much to make the fingerprinting process more 
widely usable. 

1.5. The Visible Spectrum. The spectral sensitivity of the eye of 
a typical observer is shown in Fig. 1.1. The actual limits of sen¬ 
sitivity at the two ends differ somewhat from observer to observer, 



Fig. 1.1. Spectral sensitivity of the human eye. 

some people being able to see slightly farther into the infrared and 
others farther into the ultraviolet. The visible region is usually 
arbitrarily set between the limits 4000 A and 7500 A. The fact that 
rays in this band can be seen makes possible visual spectroscopy and 
the entire science of colorimetry. The eye is an excellent detector of 
visible radiation and is a moderately satisfactory comparison device, 
but it is not a good quantitative measuring instrument. Its use in 
spectroscopy is discussed in Chapters 12 and 14. 

In addition to affecting the optic nerve, waves in the visible part of 
the spectrum are characterized by their ability to pass through glasses 
of various types that are readily obtainable, which can be fashioned 
into prisms and lenses for the production of optical equipment. 
Visible radiation can be photographed, though special sensitization of 
the photographic emulsion is required for waves longer than about 
5000 A, in the blue-green. 

1.6. The Ultraviolet. The vltraviolet region, which begins at ap- 
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proximately 4000 A, was discovered in 1801 by J. W. Ritter. In his 
studies of the relative eflScacies of rays in different portions of the 
spectrum in blackening silver chloride, he found that the most active 
rays lie beyond the violet. 

Many minerals and organic materials fluoresce strongly in ultra¬ 
violet light, converting the invisible radiation into visible light. 
Ultraviolet light also causes numerous photochemical reactions, and 
in the range of waves shorter than 2900 A it is markedly bactericidal. 
Photoelectric effects are particularly pronounced in the ultraviolet. 

Since ordinary glass is not sufficiently transparent to ultraviolet 
radiation, optical parts of quartz, fluorite, rock salt, or special modern 
glasses are used. Water is highly trans))arent to ultraviolet waves 
longer than 1900 A. The region is of great importance in absorption 
spectrophotometry and in the analysis of materials by the emission 
spectrum, and forms one of the richest and most productive regions 
of the entire spectrum. 

The frequently used division into near and far ultraviolet is some¬ 
what artificial. It arises from the fact that the solar spectrum is cut 
off below 2900 A as a result of absorption by the ozone layer in the 
atmosphere. Beyond the far ultraviolet, that is, below 2000 A, lies 
the extreme or vacuum ultraviolet, which is the region of radiation 
absorbed markedly by the oxygen and water vapor in the air. Hy¬ 
drogen and helium, and to a much lesser degree nitrogen, are trans¬ 
parent to these shorter waves. Victor Schumann in 1893 used 
optical parts of fluorite, pumped the air out of his spectrograph, and 
eliminated most of the gelatin from the photographic emulsions he 
used. By these three measures he was able to extend the spectrum 
from 2000 down to 1250 A. Lithium fluoride has since been found 
to be somewhat transparent down to nearly 1000 A, but below this 
wavelength no solid material has been discovered from which prisms 
and lenses can be constructed. Diffraction gratings mounted in a 
vacuum can be used to study the spectrum at shorter wavelengths. 
In the hands of Lyman, of Millikan and his collaborators, and of 
Siegbahn and his associates the spectrum has been studied with 
gratings to 10 A, where the methods of X-ray spectroscopy become 
more effective. Hence the extreme ultraviolet^ discussed in Chapter 19, 
covers the range between 2000 and 10 A. 

1.7. Spectroscopes and Spectrographs. Any instrument that can 
be used to produce a spectrum, visible or invisible, is called a spectro¬ 
scope. Under this general heading instruments are classified accord- 
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ing to the means by which the spectrum is observed. A spectrograph 
produces a photographic record of the spectrum called a spectrogram. 
The word spectroscope is sometimes used in a restricted sense to 
designate an instrument arranged so that the spectrum can be viewed 
by eye. It will be used in this book only in the broad sense; the 
term visual spectroscope will be used to designate instruments arranged 
for direct eye observation of the spectrum. Spectrometers are so 
built that an observer can determine wavelengths by reading a scale, 
which may or may not be calibrated to read directly in microns, 
millimicrons, or angstroms. 

Most spectroscopes contain three main elements: a slit; a dispers¬ 
ing device such as a prism or a diffraction grating to separate radiation 


P 



Fig. 1.2. Optical system of a simple spectroscope. 8, slit; C, collimator lens; 
P, prism; T, telescope lens; F, curve along which the various parts of the spec¬ 
trum are in focus; /i, blue or short wavelength part; R, red or long wavelength 
part. 

according to wavelength; and a suitable optical system to produce 
the spectrum lines, which are monochromatic images of the slit. A 
simple spectroscope optical system is shown in Fig. 1.2. The spec¬ 
trum lines are arrayed along a focal curve where they may be photo¬ 
graphed, observed with an eyepiece if visible, or isolated from their 
neighbors by a second slit. The first method is used in spectrographs, 
the second in visual spectroscopes, and the third in monochromators. 

Spectrum lines are detected or recorded by various means. Infra¬ 
red spectroscopes are usually equipped with radiometers, which pro¬ 
duce variations in current through a galvanometer and hence vary its 
deflection. These variations of deflection may be recorded in curvea 
of the type shown in Fig. 1.3, The spectrum can be recorded by this 
means at any wavelength, but more sensitive methods are used in 
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Fig 1.3. Record of galvanometer deflections produced by an infrared spec¬ 
trometer. See also Fig. 11.7. 


(a) 




Fig. 1,4. Photographic and photoelectric records of the same spectrum, 
(a) Photograph of the spectrum of iron in the violet region; (b) photoelectric 
record of the same spectrum; (c) densitometer record of the spectrogram shown 
in (a). (Courtesy Prof. G. H. Dieke.) 
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spectral regions where they are available. Photography is feasible 
between 15,000 and 10 A. Though sensitive and convenient, photog¬ 
raphy requires careful control if quantitative results are to be ob¬ 
tained. Fluorescence and phosphorescence methods, combined with 
visual observation or photography, can also be used between 15,000 
and 10 A, with some loss in sharpness of narrow lines. Photoelectric 
recording has been used between 33,000 A and the short vacuum 
ultraviolet. In all these cases the 10 A limit is purely arbitrary, since 
the sensitivity extends on into the region of X-ray spectroscopy. 
Records obtained by means of the two princif)al detection and record¬ 
ing methods are shown in Fig. 1.4. 

TECHNIQUES OF SPECTROSCOPY 

In using the techniques of spectroscopy, one is concerned either 
with studying the wavelengths and intensities of the radiations 
emitted by atoms and molecules under various physical conditions or 
with the radiations absorbed on passing through matter in various 
forms. Thus it is useful to distinguish between emission spectroscopy 
and absorption spectroscopy. 

1.8. Emission Spectroscopy. Three kinds of emission spectra can 
be distinguished, known respectively as line, band, and continuous 
spectra. Typical examples of each of these are shown in Fig. 1.5. 

Line spectra originate from atoms or atomic ions which are separated 



Fig. 1.5. Typical emission spectra taken with a low-dispersion spectrograph. 

(a) Continuous spectrum of an incandescent filament; (b) line spectrum of the 
iron arc; (c) band spectrum of molecular nitrogen (Ng). 


by such distances from their neighbors that between collisions they 
can radiate as individuals. Hence line spectra are obtained from 
incandescent gases and vapors. 

Band spectra originate from molecules composed of two or more 
atoms, either ionized or un-ionized, when these molecules are suffi¬ 
ciently separated to be fairly independent of their neighbors. Band 
spectra are emitted from polyatomic incandescent gases and vapors 
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which are cool enough that not all the molecules are dissociated into 
atoms and ions. Many band spectra, such as those emitted by the 
hydrogen molecule H 2 » have the appearance of line spectra, because 
the individual lines in the bands are of wide separation, and the inter¬ 
mingling of neighboring band lines is extensive. 

Continuous spectra result when light is radiated from incandescent 
solids or liquids, or under certain special circumstances from individ¬ 
ual atoms or molecules. A continuous spectrum may be regarded as 
the equivalent of an infinite number of spectrum lines forming a dense 
array of overlapping monochromatic images of the slit. 

When the light from an electric arc is sent through a spectroscope, 
all three types of spectra—line, band, and continuous—are likely to be 
observed together, since the arc stream contains atoms, ions, mole¬ 
cules, and gross incandescent particles. 

1.9. Qualitative Spectroscopic Analysis of Materials. Each type 
of atom or molecule can be made to produce a characteristic set of 
spectrum lines or bands which serve to indicate the presence of that 
atom or molecule as a radiating center, whether in a sample of metal 
in the laboratory or in a star or nebula. More than half a million 
different atomic s[)ectrum lines and countless bands have been ob¬ 
served. Most of the more intense atomic lines have been assigned to 
their atom or ion of origin. Since it is possible to measure their wave¬ 
lengths to a precision of 1 part in several million if necessary, most 
sy)ectruin lines can be identified as to parent atom without possibility 
of error; and since each atom emits many characteristic spectrum 
lines, the presence or absence of a particular type of atom can be 
determined quite readily by spectroscopic means. 

The spectroscope provides one of the most highly specific of all 
methods of qualitative analysis; it is in addition direct, rapid, and 
simple. A small piece of the material to be analyzed can be burned 
in an electric arc or spark and its spectrum recorded within a few 
seconds. A simple inspection of the resulting pattern of spectrum 
lines serves to identify the presence or absence of some 70 of the 
chemical elements. All metallic elements present are revealed in a 
single operation without requiring a guess on the part of the operator 
as to which will be found. 

The emission method is not directly applicable to the detection of 
molecules except in certain special instances, because most molecules 
are dissociated in the electric arc or spark. Nor does the method 
detect negative radicals. Such elements as sulfur, selenium, the 
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halogens, and the gases require special spectroscopic techniques, which 
are frequently more complicated than alternative methods of chemical 
detection. Analytical techniques based on emission spectra are 
discussed in Chapters 15 and 16. 

1.10. Quantitative Spectroscopic Analysis. At very low concen¬ 
trations of an element in a samp^le, the amount of light emitted by 
that element is directly proportional to the number of its atoms 
present, if all other factors are kept constant. This linearity provides 
a very convenient basis for quantitative analysis by the emission 
spectrum. The number of factors other than concentration that 
affect intensity is great, however, so that only a null method of anal¬ 
ysis is satisfactory. A sample can be analyzed if one duplicates it 
fairly closely with a mixture of known content, which when burned in 
the arc emits lines of similar relative intensities. This procedure is 
not diflScult when concentrations of 1 per cent or less of each important 
element are involved, because then no constituent in a sample influ¬ 
ences the light emission of the others, and it is possible to determine 
simultaneously the concentration of a large number of impurities in 
a given sample. 

The spectrographic method can be applied quantitatively to the 
determination of any element that can be detected qualitatively. As 
a result more than 70 elements of the periodic table are susceptible to 
a method that is much more rapid than chemical wet methods and 
can be carried out on much smaller samples, 10 mg usually being 
suflScient for a determination. The method is also extremely sensi¬ 
tive, being effective in some cases down to concentrations of 1 part 
in 100 million. 

Spectrographic quantitative analysis provides fairly uniform preci¬ 
sion at all concentrations. Thus it is as easy to measure the difference 
between 0.0010 and 0.0011 per cent content of an impurity as that be¬ 
tween 1.00 and 1.10 per cent. At low concentrations the precision 
of the spectrographic method is superior to that of chemical wet 
methods, but it becomes inferior at concentrations of about 5 per cent 
and over. At concentrations below 5 per cent it is possible to reduce 
the average deviation among successive determinations on the same 
sample to less than 2 per cent. 

Analysis by emission spectra, commonly called spectrochemical analy-- 
sisy is now widely used in industry, especially for the analysis of impur¬ 
ities in metals, for the determination of constituents in alloys, and for 
the examination and testing of biological, medical, and food products. 
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1.11. Absorption Spectroscopy. When a beam of light passes 
tlirough a piece of colored glass, certain wavelengths are reduced in 
intensity by absorption. Even glass that appears colorless will show 
absorj^tion in the infrared and ultraviolet regions. Pure liquids and 
solids in solution exhibit similar absorption. Each band of wave¬ 
lengths removed by a solid or liquid is usually fairly wide and may 
extend over many hundreds of angstroms, as shown in Fig. 1.6. 

The spectroscopic study of the absorption of radiation has three 
broad objectives: to learn which wavelengths of radiation are Jib- 
sorbed; to learn how much radiation is absorbed under specific condi¬ 
tions; and to learn why the radiation is absorbed. The first of these 
objectives is of value because it furnishes information that serves as a 
basis for the qualitative analysis of the absorbing material, as in the 
“fingerprinting” of chemical substances by their infrared absorption 



Fig. 1.6. Absorption spectrum of the cytosine molecule in the solid state at 
liquid-hydrogen temperature. 


spectra. Such information is also useful for the production of radia¬ 
tion filters required for the removal of certain waves from a beam of 
light, for example in the removal of infrared rays by a heat filter from 
the beam in a motion-picture projector. The second objective per¬ 
mits extending chemical analysis, by means of absorption, from the 
qualitative to the quantitative. The use of ultraviolet absorption 
spectra, for instance, is widespread in the quantitative analysis of 
vitamins and of many other important substances that are diflScult to 
analyze by other means. In the achievement of the third objective, 
one seeks to understand the absorption of radiation in terms of the 
atoms and molecules responsible for it. No feature of the absorption 
spectrum can be overlooked in this process, and in the course of 
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understanding details of the spectrum one can obtain detailed knowl¬ 
edge of how atoms are held together in molecules. This knowledge 
is of great value to the physicist and the chemist. 

1.12. Absorption Spectrophotometry. Absorption spectrophotom¬ 
etry is quantitative absorption spectroscopy. It can be used for the 
quantitative determination of organic molecules, for exam})Ic in the 
estimation of dye concentrations and in the analysis of vitamins, 
hormones, and other complex organic molecules. By means of an 
absorption photograph of the type shown in Fig. 1.6, a curve may be 
determined as shown in Fig. 1.7, which gives the relative absorption 

of light at various wavelengths 
through a given thickness of the 
sample. Absorption can be meas¬ 
ured by means of a spectrophoto' 
meter. Once the specific absorp¬ 
tion at all wavelengths is known 
for a material, the resulting curve 
enables one to determine the 
actual amounts of absorbing 
material present. Thus, though 
the absorption method is not 
highly specific for qualitative an- 

3100 3000 29002800 2700 2600 2500 2400 ftlysis, it is cxtrcmely prccisc in a 

Wavelength in A quantitative sense and can be 

Fig. 1.7. Absorption curve deter- made even more sensitive than 

mined from the spectrogram shown m . . ^ • 

Fig. 1.6, with wavelength scale re- emission analysis in certain cases. 

versed. Absorption spectrophotometry 

forms the subject of Chapter 14. 

1.13. Fluorescence Spectroscopy. A branch of spectroscopy ca¬ 
pable of much further development is that involving the use of fluo¬ 
rescence. Fluorescence spectroscopy is widely applied in mineralogy, 
biochemistry, biology, medicine, and the food industries. 

When one uses fluorescence spectroscopy, the object to be studied, 
for example a mineral specimen, is shielded from extraneous light and 
is then illuminated with ultraviolet light, usually from a quartz mer¬ 
cury lamp covered with a filter that removes visible radiation. The 
specimen is likely to glow brightly; if it does, its type can often be 
determined from the color of its fluorescence. 

Many organic materials fluoresce. Certain species of bacteria have 
characteristic fluorescence, and different strains of the same species 
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may show different shades of color. Molds and bacterial growth on 
meat samples can be detected, and in some cases identified, by means 
of their fluorescence. Various parts of plaint or animal cells often 
fluoresce with different colors, so details that cannot be seen in ordi¬ 
nary light are sometimes revealed by a fluorescence microscope. 
Mineral oil has a characteristic blue fluorescence not found in most 
organic oils, and it is thus possible to detect contamination or dilution 
of organic oils by mineral oil. Oleomargarine can be detected in 
butter by means of fluorescence: as little as 5 per cent of artificial fat 
in butter can be shown up in the same way. Flour of one type may 
show a bluish fluorescence, whereas another glows white and a third 
exhibits a pinkish glow. Many other food products can be tested for 
quality by fluorescence analysis. Real and artificial gems can also be 
distinguished by this means. The spectroscope makes fluorescence 
analysis more specific than does visual observation of fluorescence. 

USES OF SPECTROSCOPY 

A comi)lete catalogue of the uses of spectroscopy would be too 
lengthy for the f)resent chapter, but we may list (a) the study of the 
absorption and emission of light by matter in all forms; (b) the 
analysis of the atomic and molecular varieties present in a given sam¬ 
ple of matter and determination of their relative numbers; (c) the 
investigation of the structures of atoms and molecules, and (d) the 
determination of the size, mass, temperature, speed of motion, and 
many other characteristics of the heavenly bodies. Spectroscopy has 
thus contributed materially to all the natural sciences, particularly 
to astronomy, physics, chemistry, and biology. 

1.14. The Spectroscope in Chemistry. When the spectroscope 
was first developed in practical form (1859), it was used immediately 
by chemists as a powerful tool for qualitative analysis. As a by¬ 
product of this use came the discovery of many chemical elements, 
among them cesium and rubidium by Bunsen and Kirchhoff, and 
later helium, gallium, indium, and thallium by various other chemists. 
In addition, spectroscopic analysis was such a powerful aid in the 
separation of the various rare-earth elements that the discovery of 
many of these may properly be credited to the spectroscope. The 
spectroscopically discovered elements are listed in Table 1.^. In 
later years the same application of spectroscopic methods, grown 
more powerful with the passage of time, led to the discovery of rare 
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TABLE 1.2 

List of Chemical Eleme.'its Discoveued Spectkoscopk ally 


Element 

Discoverer 

Date 

Cesium 

Runsen and Kirchlioff 

18(»0 

Rubidium 

Bun.sen and Kirchhotf 

IHtil 

Thallium 

Crookes 

1S(U 

Indium 

Reich and Richter 

1S().‘} 

Helium 

Lockyer 

1808 

Gallium 

de Roisbaudran 

187r> 

Thulium 

Cleve 

1879 

Priiseodymium 

von Welsbach 

1885 

Neodymium 

von Welsbach 

1885 

Samarium 

de Roisbaudran 

1880 

Holmium 

dc Roisbaudran 

1880 

Ytterbium 

Urbain; von Welsbach 

1907 

Lutecium 

IJrbain; von W'elsbach 

1907 


isotopes of the common elements liydrogen (Urey, 193^), carbon, 
nitrogen, and oxygen. Improvements in techniques of measuring 
emission and absorption intensities also permitted the extension of 
these methods to quantitative chemical analysis, as has been men¬ 
tioned above. Thus the spectroscope, in one form or another, has 
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Fig. 1.8. Emission spectra of the alkali metals. Top to bottom: lithium, 
sodium, potassium, rubidium, cesium. 


become a foremost instrument in ail branches of chemistry because of 
its analytical power. 

The contributions of spectroscopy to chemistry are by no means 
limited to the field of analysis, however, because no chemical sub¬ 
stance can emit or absorb radiation without revealing much about its 
fundamental nature. By study of the emission of radiation from 
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isolated atoms and ions, enough information about the electronic 
structure of atoms has been obtained to explain completely the 
arrangement of the chemical elements in the periodic table (see 
Chapter 10). Similarly, the structures of many molecules, including 
some of great complexity, have been revealed by their spectra. The 
chemist has profited both in the determination of the actual geometry 
of molecules whose structural formulas were previously known arul 
in the elucidation of unknown structural formulas. The structures of 
such molecules as penicillin and vitamin K, for example, were worked 
out with extensive helj) from the spectroscope. 

The chemist is somewhat more interested in the reactions that mole¬ 
cules undergo than in their structures while at rest between reactions. 
Since both the speed of a reaction and the extent to which it takes 
place are de[)endent on the forces between atoms, that is, the chemical 
l)ond forces, any information about these is of chemical importance. 
The contribution of spectroscopy here has been a double one. The 
actual strengths of the chemical bonds (dissociation energies) have 
been measured spectroscoj)ically for many diatomic molecules, fre- 
vjuently with an accuracy that could not be attained by other means. 
In addition, spectroscoj>ic data have been used to make highly precise 
calculations of chemical equilibrium (constants, which determine how 
far reactions proceed. For example, the equilibrium of the reaction 
of liydrogen and chlorine to form hydrogen chloride gas at any tem¬ 
perature up to 5(K)0°C can be calculated entirely from spectroscopic 
data, with precision far greater than that with which it can be deter¬ 
mined otherwise. 

One branch of chemistry that should be expected to make extensive 
use of spectroscopy is the highly complex field of photochemistry. 
The existence and nature of molecular fragments which cannot be 
chemically isolated but which are important links in a chain of ste])s 
making up photochemical reac^tions have been demonstrated spec¬ 
troscopically. As examjdes of such fragmentary molecules one can 
cite scores of diatomic hydrides, such as the Oil radical, which have 
only a fleeting existence in an arc or flame or in the high-temperature 
areas of a reaction vessel, but whose properties, such as interatomic 
distances, vibration and rotation fre(|uencies, and electronic states, 
have been determined spectroscopically in minute detail. At present, 
photosynthesis, the great problem of photochemistry, is being 
attacked in many ways, but the spectroscope is never absent from the 
laboratories of those concerned with the problem. 
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The kinds of spectroscopy in which chemists are most interested at 
present are qualitative and quantitative emission spectroscopy, ultra¬ 
violet and infrared absorption spectrophotometry, and Raman spec¬ 
troscopy. These subjects and some chemical problems to which they 
can be applied are discussed in Chapters 14 through 19. 

L15. Spectroscopy in Astronomy. Modern astronomers have 
completely refuted the dictum of Auguste Comte, “There are some 
things of which the human race must remain forever in ignorance, for 
example, the chemical constitution of the heavenly bodies.” By 
using the spectroscope, astronomers have been able to make qualita¬ 
tive analyses of many of the stars and also a quantitative analysis of 

p. 



Fig. 1.9c. Spectrum of the star 0 Aurigae, showing Doppler effect. 

(Courtesy Harvard Observatory.) 


the surface of the sun that is perhaps more complete than any yet 
made of the earth. Astrophysicists have thus been able to demon¬ 
strate that many of the same chemical elements which we find on 
earth compose the sun, stars, and the most distant nebulae. Sixty- 
six elements have been found spectroscopically in the sun. A number 
of spectrum lines, which were for many years unidentified, are found 
in the spectra of the solar corona and of various nebulae; these were 
once thought to arise from atoms not found on earth. It has since 
been proved that every one of these lines originates from a familiar 
atom found in the stars in some special state of excitation not ordi¬ 
narily produced in the laboratory. 

A large proportion of the information that the astronomer possesses 
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regarding the constitution of the heavenly bodies has come via 
^spect^oscopy. Spectra obtained when astronomers collect light from 

star with a large telescope and then separate it by means of an 
iittached spectroscope serve for the detection and estimation of 
molecules in the stars. The Doppler effect of spectral lines can be 
used to measure the approach and recession velocities of stars and 
nebulae (see Fig. 1.9c) and the rotation of the sun; a spectral line 
from a calcium atom, for example, is shifted toward shorter wave¬ 
lengths when emitted by a star that is approaching and toward longer 
wavelengths if from one that is recerling. 

The spectroscope has been used to measure the sun’s motion among 
the stars and the distances of hundreds of individual stars, and it has 
revealed the double character of many stars that are too close to¬ 
gether to be resolved as doul^le by the telescope. 

1.16. Spectroscopy in Physics. In physics the trail of spectro¬ 
scopic discoveries is longer than in any other science. Spectroscopic 
data give the most precise standards of length, and it has been sug¬ 
gested that the standard meter bar might well be replaced as a 
standard of length by the wavelength of a sharp red line emitted by 
cadmium atoms, or of a sharj) green line emitted by mercury atoms of 
the isotope 198, Th(‘ lengths of such weaves may well be expected to 
remain more constant over the passing ages than that of any man¬ 
made standard. 

Most of our precise information about the electronic structures of 
atoms has come via spectroscopy. The physicist is interested in 
studying the production of light in a magnetic field, and through the 
Zeeman and related effects he lias been able to determine the quantum 
numbers and the locations of the electrons in the various kinds of 
atoms. Many apparently sharp lines can be resolved into a number of 
still sharper monochromatic lines packed close together. This so- 
called hyperfine structure reveals information regarding the spin of 
the nucleus of the emitting atom. Magnetic susceptibilities and the 
electronic configurations of some atoms in the solid state can also be 
determined by spectroscopic means. 

Much of the attention of the spectroscopist has been given to 
determining electronic energy levels in atoms. It has been found 
possible to remove electrons one by one from atoms and to study the 
new array of siiectrum lines that results each time another electron 
is removed. Thus normal uranium atoms, with 92 electrons around 
the nucleus of each, emit many thousands of spectrum lines when 
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exciied. When an electron is removed from such an atom, an entirely 
new array of thousands of spectrum lines will result on excitation. 
When two electrons are removed, still another new spectrum can he 
produced. Thus it is theoretically possible to have 92 different 
characteristic spectra of uranium. Analogous series of ionization 
spectra may be obtained with the other ch(‘mical elements, so that 
more than 4000 different kinds of atoms and atomic ions can be 
expected to emit independent spectra, and many millions of atomic 
spectrum lines will thus be produced. To date only some 850,000 
of these spectrum lines have been assigned to their parent atoms, 
and a much smaller number have been classified in terms of the 
energy levels and the state of ionization of the atom from which 
they originate. 

1.17. Spectroscopy in Biology and Medicine. Qualitative and 
quantitative analyses made by means of the emission spectrum have 
been employed extensively for determining the presence of metallic 
elements in biochemical substances, cells, and tissues. Such studies 
provide the biologist with a means of determining the various trace 
elements needed by cells for life and growth. In medicine, their 
greati^st application has been to the investigation of toxicological 
problems, as for example, in determining the accumulation of lead, 
copper, and so on, in the blood and tissues of persons exposed to such 
substances in the course of their daily work. Atteraf)ts have also 
been made to apply emission spectroscopy to diagnostic procedures 
in certain pathological conditions characterized by changes in the 
heavy-metal conteriv: of the body fluids. 

Biochemists and biologists are confronted by unusually diflScult 
problems of molecular structure, in which the molecules involved are 
large, complex, and often ill-defined entities. Infrared and Raman 
spectroscopy, and visible and ultraviolet absorption spectrophotom¬ 
etry, have been invaluable in the study of such problems. Such 
spectroscopic methods have, for example, contributed to the elucida¬ 
tion of the structures of many of the known vitamins, enzymes, and 
coenzymes. 

Absorption spectrophotometry, in particular, is useful in controlling 
the preliminary isolation of biochemical substances and in their later 
characterization and qualitative or quantitative assay after they have 
been isolated and identified. The characteristic absorption band of 
vitamin A, with a maximum at 8280 A, is used, for example, in the 
quantitative determination of this substance and in tests of the purity 
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of vitamin A preparations. The kinetics of enzyme activity are 
readily studied by absorption spectrophotometric methods, both in 
the visible and ultraviolet regions. 

Fluorescence spectroscopy is similarly useful in the isolation and 
identification of those biochemical substances which exhibit charac- 
teristic fluorescence. One of the most striking examples of the 
application of this technique has been the identification of a coal-tar 
constituent that is responsible for causing “coal-tar cancer,” as a 
complex polycyclic hydrocarbon, 3: 4-benzpyrene. Fluorescence is 
employed routinely in the quantitative analysis of various bio¬ 
chemical substances, such as vitamins Bi and B 2 . 

Microabsorption spectrophotometry in the ultraviolet is finding 
increasing application in the study of the distribution of substances 
like nucleic acids in cells and tissues in relation to fundamental bio¬ 
logical and medical problems, such as those of cell division, growth, 
differentiation, normal physiology, and pathology. The use of this 
technique in the visible region (in connection with specific color re¬ 
actions) and in the infrared promises to lead to the solution of many 
hitherto abstruse biological and medical problems. Microflijorescence 
spectroscopy, though not yet used on a wide scale, has similar a])pli- 
cations. 

Spectroscopy of the extreme ultraviolet has thus far been used but 
little in the study of biochemical substances. It may be expected to 
receive increasing application to the study of biochemical structure 
problems involving saturated organic compounds. 

1.18. Spectroscopy in Food Research. Spectroscopic methods are 
being used increasingly in testing and controlling the production of 
foods and their containers as advances in knowledge indicate the 
importance of substances that may be beneficial or injurious in very 
minute quantities. The great sensitivity of spectroscopic methods 
and the smallness of the samples required for analysis are of con¬ 
siderable importance in food technology. 

An example of the use of the spectrograph for determining small 
but important concentrations of metals in foods is given by the meas¬ 
urement of copper in cranberries. The cranberry bogs in the Cape 
Cod district had for many years been sprayed with copper sulfate 
solution as an aid in pest control, and there was some fear that copper 
salts might be accumulating in the soil to a degree that would result in 
undesirably large quantities of copper in the cranberries. Spectro- 
graphic analysis was used to determine the concentration of copper in 
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soil samples, in various parts of the cranberry plant, and in the berries 
themselves, with the result that it was found that the danger level had 
not been remotely approached. 

liCad determinations in condensed milk are another example of 
control procedures. By means of the spectroscope, comparison runs 
of different brands can easily be made whenever desired. The lead 
content is usually found to lie between 3 and 20 parts per ten million. 
Chocolate manufacturers who wish to know the metallic content of 



Fig. 1.10. Corner of an industrial spectroscopy laboratory. (Courtesy Alum¬ 
inum Company of America.) 


their product find the spectrograph indispensable. The metallic 
content of beer kept in cans and in bottles is determined in a routine 
manner with the spectrograph. 

Absorption spectrophotometry is useful in testing comestible oils, 
liquors, and other liquids. Absorption and fluorescence methods are 
widely used in the food industries in the assay of foods for their 
vitamin content. 

1.19. Spectroscopy in Metallurgy and Mineralogy. For many 
years archeologists were unable to solve the secret of the origin of the 
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purple color of the gold sequins found on mummies in Egyi)tian 
tombs. An eminent spectroscopist was called to their aid, and found 
that the color was due to certain impurities present naturally in some 
samples of gold. By identifying these im|)urities he made it po.s.sible 
to fix definitely the place where the gohl had been mined and to 
duplicate the purple color. Since only a minute amount of material 
was available for analysis, the .spectrograph was particularly u.seful; 
not a single sequin had to be de.stroyed in order to give the answer. 

In metallurgy' the spectrograph is e.s|)ecially valuable because of the 
speed with which analy.scs can be m:ide. Two hundred tons of eoj.'per 



Fig. l.H. A spectroscopy laboratory of the Federal Bureau of Investigation. 

(Courtesy F. H. 1.) 


ore may be smelted at one time in a furnace, and it is of great impor¬ 
tance to stop the smelting process at the e.xact instant when the con¬ 
centrations of various impurities are at the optimum. A spectroscope 
can be used to give the desired result within five minutes or less. For 
this reason, spectroscopy has come into wide application in the 
various metals industries, particularly in iron and steel foundries, in 
copper smelting, and in the production of the more valuable metals. 

Much steel is made by the addition of industrial scrap to new 
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material obtained from iron ore. Over the years the percentage of 
impurities introduced with scrap into American steel had slowly been 
rising, until in the 1930’s a level had been reached at which the tin 
content was becoming so high as to affect the rolling properties of the 
steel. The tin concentration was still low enough, however, so 
that it could be determined readily only by means of spectrograi)hic 
analysis. 

Minerals can be identified with the aid of the spectrograph, and the 
more than 2700 recognized varieties have been analyzed for their con¬ 
stituent elements at least partially by this means. The important 
role that fluorescence spectroscopy plays in mineralogy has already 
been mentioned. 

1.20. Forensic Spectroscopy. Most up-to-date poli(;e laboratories 
use the spectrograph as an aid in criminal investigations. An expert 
of the Massachusetts State Police has given the following as an exam¬ 
ple of the nature of the problems that a police laboratory may be 
called upon to solve: ‘Tn the course of a typical day one may receive; 
a half dozen quart jars filled with human organs to be analyzed for 
small traces of poison, from another case a chisel having on its surface 
an almost invisible amount of a foreign metal, while again one may 
receive a pair of old trousers with traces of dust on the knees, or paint 
from a car involved in a hit-and-run accident, or blood stains on a 
knife, or a pellet of shot removed from a body, or ashes and debris 
from an incendiary fire, or broken pieces of a burglar's tool, or residues 
from the scene of an explosion. Unusual and varied subject matter 
requires versatile methods and instruments. In many of these cases 
spectrographic analysis can be advantageously applied and in a few 
it is essential.” 

The principal advantages of using spectrographic techniques in 
police work appear to result from the rapidity with which the results 
of an analysis can be obtained, and from the fact that the samples 
to be studied are often very small. In one case the lead pellets avail¬ 
able from a shotgun homicide case weighed but 65 mg, yet 10 mg 
sufficed for spectrographic analyses adequate for identification. 

From the above examples, which have been selected at random, it 
is apparent that spectroscopic methods may be applied to the solution 
of many diverse problems. The chapters that follow contain detailed 
information designed to aid in selection of the most suitable spectro¬ 
scopic equipment for solving any specific problem, and in its effective 
use. 
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CHAPTER 2 


Selection of Spectroscopic Instruments 


Spectroscopes are available in many different types, and 
selection of even an all-purpose instrument allows of a certain degree 
of choice. To he considered in making such a choice arc (a) the range 
of wavelengths over which the spectroscope can be used, (h) the 
(‘xtent to which it disperses light, (c) the variation of this dispersion 
with wavelength, (d) the resolving power of the instrument, and 
(e) the brightness of the spectrum that it jiroduces. Important 
secondary (considerations are freedom from scattered light and false 
lines, suitable shape and size of the spectrum lines produced, and ease 
of adjustment. The relative bulkiness and portability, as well as the 
availability of different instruments, will often influence the final 
choice. The relative importance of the factors enumerated may well 
determine whether a f)rism or a grating spectroscope will be chosen. 

2.1. Dispersion. TJie dispi^rsion of a sj)ectroscope is a measure of 
the way it distri})utes light in space according to wavelength. This 
property can be expressed as angular or as linear dispersion. Angular 
dispersion {dd/d\ in Fig. 2.1) is fundamental. It depends on the 
dispersing element used, and measures the variation with wavelength X 



Fig. 2.1. Angular dispersion, dO/d\ and linear dispersion, dl/d\* 

of the angle of deviation 6 of the emergent light beam. Of more 
frequent practical use is the linear dispersion dl/d\, which gives ||||e 
actual distance dl of separation in the spectrum of two close liPes 
differing in wavelength by d\. The reciprocal of this ratio, called 

27 



28 SELECTION OF SPECTROSCOPIC INSTRUMENTS [§2.2 

the plate factor or sometimes the reciprocal dispersion, is almost 
always used in eomrnon {jractice to measure the dispersion; thus 
80 A/mm indicates a low dispersion, whereas 1 A mm corresponds to 
a relatively high value. The linear dispersion obtained with most 
dispersing elements can be controlled, since it depends not only on 
tlie angular, dispersion but also on the distance between the dispersing 
element P and the focal curve. The inclination of this curve to the 
optic axis of the output side of the spectroscope also affects the linear 
dispersion (Fig. 2.1). 

2.2. Resolving Power. The resolving power Py of a spectroscope is 
defined as X dX, d\ being the wavelength interval between two close 

lines of similar intensity that can just 
be resolved with the instrument at 
wavehmgth X. Each spectrum line is 
an image of the slit. Even if the slit 
is extremely narrow, its image is of 
appreciable width, in the form of a 
diffraction pattern consisting of a 
bright central maximum on each side 
of which are lesser maxima. Two 
spectrum lines of equal intensity are 
considered as being just resolved 
when the diffraction maximum of one 
falls on the first minimum of the 
other. ^ The resolving powers of most 
spectroscopes lie between 5000 and 
200,000. 

Dispersion and resolving power are 
often confused. Figure 2.2 illustrates their difference. Dispersion 
determines the ap})roximate position in the spectrum at whicli light of 
a given wavelength will fall; resolving power determines how well that 
light can be separated from light of other wavelengths falling near by. 
Resolving power and dispersion are closely related, since tlie resolving 
power of any optically perfect spectroscopic device is equal to its 
dispersing power multiplied by its effective linear aperture A, In a 
'prism spectroscope, A is as shown in Fig. 2.3. Resolving power 
thus depends fundamentally on the material, shape, and quality of 
the dispersing element. However, the actual power of an instrument 


Xj“ X 



Fig. 2.2. Intensity distribu¬ 
tion of the diffraction patterns of 
two spectrum lines of wave¬ 
lengths X] and X 2 , that are just re¬ 
solved, plotted as a function of 
linear position, I in the spec¬ 
trum. The resolving power is 
\/d\ and the linear dispersion is 
dl/d\. 


1 Lord Rayleigh, “Wave Theory/’ Encyc, Hritt.y 9th ed., XXIV, (1888). 
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to resolve two close spectrum lines may be reduced by its auxiliary 
parts. In a visual spectroscope an inferior telescope lens or eyepiece 
may reduce the resolution to a value below that to be expected from 
the resolving power of the prism or grating used. In a spectrograph 
the same loss may result from attempting to photograph the spectrum 
on a plate whose graininess is too coarse to separate the lines definitely. 

2.3. The Dispersing Element. In general, prism instruments are 
more readily portable and somewhat more rugged than grating instru¬ 
ments. They suffer from the disadvan¬ 
tage that their dispersion changes markedly 
with wavelength; as a consequence, any 
particular instrument is useful over only 
a comparatively limited band of wave¬ 
lengths. Their principal uses are for meas¬ 
uring simple emission and absorption 
spc'ctra, for special purposes involving 
relatively high light-gathering power, and 
as small portable instruments. 

Diffraction-grating spectroscopes give 
more uniform dispersion than prism instru¬ 
ments, and a single grating can be used to 
cover a very wide spectral range. A good grating gives, in general, 
greater dispersion and resolving power than a prism of similar aperture 
or cost. For that reason grating spectrographs are widely used in re¬ 
search laboratories, especially for emission spectroscopy. The prin¬ 
cipal disadvantage of most diffraction-grating instruments is that they 
suffer from astigmatism; this defect can, however, be eliminated by 
methods di.scussed below. The shortcomings sometimes noted in the 
past, that gratings are fragile, wasteful of light, and produce so many 
false lines as to be useless for analytical purposes, have been elimi¬ 
nated. Overlapping of different orders of grating spectra in certain 
regions need cause little difficulty. 

2.4. Dispersing Prisms. The dispersive action of a prism arises 
from the variation with wavelength of the refractive index of the 
material of which it is composed and from the angle between its 
entrance and exit faces. In regions of normal dispersion, rays of 
short wavelength are bent more in passing through a prism than are 
those of longer wavelength. The variation with wavelength of the 
refractive index of a suitable prism material, and hence the dispersion 
of a prism formed from it, tends to increase rapidly as an absorption 



Fig. 2.3. Effective linear 
aperture, /I, of a prism for a 
beam of radiation emerging 
from the exit face at an 
angle a to the perpendicular. 
If/is tli(* length of the exit 
face. A — f cos a. 
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band is approached from either side. The usefulness of the material 
therefore becomes greater from the standpoint of dispersion as it 
becomes less from the standpoint of light transmission. This relation 
is illustrated in Fig. 2.4, where curves showing the variation of refrac- 
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Fig. 2.4. Refractive index as a function of wavelength for 
several prism materials. 

tive index and absorption with wavelength are given for several of 
the materials most commonly used in prisms. The dispersion at 
any wavelength is measured by the slope of the refractive index curve, 
and is greater as this is steeper. 

The dispersive power of a prism is often 20 times as great at one 
end of its useful spectral range as at the other, with a resultant 
equivalent variation in resolving power. Quartz prisms, though 
transparent at wavelengths longer than 4500 A, have diminished 
usefulness there because of their low dispersion, and at wavelengths 
shorter than 2000 A their transparency is low. Most glass prisms 
are eflPective only in the spectral range 10,000 to 3500 A. 
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Modern dispersing prisms arc usually cut with 60-deg refracting 
angles. This choice is a compromise betw;een smaller angles, which 
give less dispersion, and larger angles, which require more material, 
produce a greater loss of light, and result in decreased aperture. With 
material of low average refractive index, it would be advantageous to 
use a prism of larger refracting angle than 60 deg, but the 60-deg 
compromise is close enough to the optimum in most cases to make 
special angles unnecessary. 

The angular dispersion dd/d\ of a prism is given approximately 
by the formula 

dd _ dn 2 tan i 
^ d\ d\ n 

where 6 (the angle of deviation) is the angle between the rays incident 
upon and emergent from the prism, n is the refractive index of the 
prism material, and i is the angle of incidence of the ray on the prism, 
as shown in Fig. 2.5. This formula is strictly true only for the case 
of minimum deviation, in which the rays pass through the prism sym¬ 
metrically, the incident and emergent rays making equal angles with 
the normals to the prism faces at which the rays enter and emerge. 

The resolving power /\, defined as X/dX, is given for a prism by 
the formula 

P - ^ 

" d\' n 

where T is the thickness of the prism base. 

It can be shown that this value is equal to 
the dispersion, as given above, times the 
linear width A of the beam entering the 
prism. 

A prism is ordinarily shaped so that it will 
accept a beam of circular cross section falling 
on its front face at approximately the angle 
of minimum deviation. This condition leads to a standard set of 
dimension ratios for any material, the length of face of a 60-deg prism 
being for most substances roughly 1.6 times its height. For good 
definition the prism height should be at least three times as great as 
the maximum length of slit that is to be used with it, and preferably 
the ratio should be even greater. Spectrum lines produced with 
prisms are curved, and definition may be lost when the prism-slit 
height ratio is too small. 



Fig. 2.5. Ray passing 
through a prism at mini¬ 
mum deviation, under 
which conditions Zi = Zr; 
B is the angle of deviation; 
T, prism thickness. 
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Both dispersion and resolving power can be increased if a number 
of prisms are used in train, or if a beam of light is sent through the 



(a) 1 slit 



(b) 2 slits 


(d) 5 slits 




(c) 3 slits (f) !^() slits 

Fig. 2.6. Diffraction patterns produced by various numbers of equidistant 
slits illuminated by parallel Monochromatic light. (From F. A. Jenkins and 
TI. E. White, Fundamentals of Physical Optics^ Me(iraw-Hill Book Company, Inc., 
New York (1937), page 147. ('ourtesy authors and publisher.) 

same prism several times. Attempts to bring about a large increase 
in these quantities by either means usually result in difficulties due to 
scattered light or to undue loss of light by reflection and absorption, 
long before resolving powers are reached that are equivalent to those 
obtainable with diffraction gratings. 

2.5. Diffraction Gratings. The diffraction grating has been in use 
for more than a hundred years, but its full potentialities have not yet 
been realized on account of the difficulty of ruling and reproducing in 
quantity gratings of high quality. Even so, many modern gratings 
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are superior in a variety of ways to modern prisms. A diffraction 
grating consists essentially of a large number of close equidistant slits 
or diffracting lines. The greater the number N of these slits, the 
greater the theoretical resolving power of the grating. The more 
closely the lines are packed together, the greater the dispersion of the 
grating. 

Figure 2.6 illustrates the diffraction patterns that result when a 
collimated beam of monochromatic light from a slit falls on various 
numbers of equidistant slits and is then brought to focus by a tele- 
seo})e lens. The grating space, or distance between the slits, has been 
assumed to remain constant in the various diagrams. The successive 
maxima, wliich corn^spond to the different orders of a diffraction 
grating, to become sharper and more definite as the number 

of slits (gMmg rulings) is increased. Multiple patterns are produced 
by a gratiPg wlu'u a beam of light containing several wavelengths 

Wavelength 

A2 ^2 ^1 ^^1 ^ ^2 ^2 


3322 II 0 II 2233 
Order of Spectrum 

Fig. 2.7, Distribution of various orders of spectra produced by a diffrac¬ 
tion grating for radiation of two wavelengths, Xi and X 2 . 

falls on it, each pattern to a scale proportional to the wavelength of 
light involved in its production. The resulting composite pattern 
forms a group of spectra in various orders. This condition is illus¬ 
trated in Fig. 2.7, drawn for a beam containing waves of two lengths. 

In small grating spectrometers and spectroscopes, transmission 
gratings are commonly used. These consist of transparent plates on 
which there are thousands of diffracting lines. The lines may be as 
few as 500 per inch in a very coarse grating or as many as 30,000 per 
inch in a fine high-dispersion grating. 

Large spectrographs generally employ reflection gratings. Orig¬ 
inal gratings of this type are ruled on highly polished mirrors, of 
aluminum-coated glass or of other materials, and may be either plane 
or concave. Concave mirrors up to seven inches in diameter have 
been successfully ruled with as many as 180,000 lines, and even 
larger plane gratings have been ruled. The ruling of a large diffrac¬ 
tion grating presents considerable difficulty, since the lines, engraved 
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on the polished surface by a sharp diamond, must be straight, parallel, 
and equally spaced. Standard ruling spacings are approximately 
5000, 7500, 10,000, 15,000, 25,000, and 80,000 lines to the inch. 
Ruling a large grating may require two weeks or more, during which 
time the ruling engine must be kept operating uniformly and at 
constant temperature. 

A reflection grating has the great advantage that the light does not 
traverse material which will inevitably vary in transparency in differ¬ 
ent regions of the spectrum. If necessary, a single grating can be 
used to cover the range 100 to 10,000 A. When a grating is ruled on 
a concave mirror, a concave grating is obtained, which requires no 
lenses for collimating or focusing. The concave reflection grating, 
developed by H. A. Rowland in 1882,^ is one of the most powerful 
dispersing devices available. 

The angular dispersion of a diffraction grating 
with fixed slit is given by the formula 

do _ .Vm 

d\ A cos 0 

where N is the number of rulings on the grating, 
m is the order used, and A is the linear a{)erture 
of the grating, in this case the distance from the 
first ruled line to the last, as shown in Fig. 2.8. 
The direction 6 in which any particular wave¬ 
length X will be thrown by the grating is given 
by the formula 

m\ = (sin i zb sin 0) 

where i is the angle of incidence of the light on the grating and 6 is 
the angle of emergence, both measured from the normal. Differen¬ 
tiating this formula gives the dispersion formula previously cited. 

Near the normal to the grating, the dispersion is almost uniform, 
and a so-called normal spectrum is obtained. This spectrum is most 
convenient for the identification of spectrum lines. By varying i, 
any desired range of wavelengths can be thrown to the vicinity of 
the normal. 

The resolving power Pr of a grating is given by the formula 



Fig. 2.8. Linear 
aperture ^ of a dif¬ 
fraction grating. The 
width W of a beam of 
radiation diffracted 
at an angle d is re¬ 
lated to the linear 
aperture A by the ex¬ 
pression W = A cos 0, 


* H. A. Rowland, Phil. Mag., 13, 469 (1882). 



§2.5] SELECTION OF SPECTROSCOPIC INSTRUMENTS 35 

where iV, as before, is the total number of rulings and m the order 
used, X is the average wavelength of the lines, and d\ is their separa¬ 
tion in wavelength. Two spectrum lines that are just distinguishable 
in a given order of a grating containing, say, 10,000 rulings, will 
appear as a single line if a grating with a smaller number of rulings is 
used, owing to the decrease in sharpness of the diffraction patterns 
produced and the resulting lower resolution. 

As an example of the use of the above formulas, we may consider 
the case of the first-order spectrum of a 30,000 line/in. grating with 
6 in. of ruled width, for which m = 1 and N = 180,000. Changing all 
units of length into angstroms, A = fiin. X 25.4 mm/in. X 10^ A/mm 
= 152 X 10^ A; cos 0=1; dd/dk = 0.000118 radian per A for the 
dispersion on the normal in the first order. If this grating were used 
in a sj)ectrogTa])h that focused the spectrum at a distance r of 21 ft 
(6300 mill) from the grating, the linear dispersion dl/d\ would be 
r ' dd d\ or 0.743 min/A. Inverting this to get the plate factor, we 
obtain 1.35 A/niin. The theoretical resolving power of this grating 
Pr = Nm = \/d\ would be 180,000 in the first order, 360,000 in the 
second order, 540,000 in the third order, and so on. A perfect grating 
of this type could then be expected to separate, at 6000 A, two lines 
of equal intensity not closer than 0.033 A in the first order, 0.0167 A 
in the second, and 0.011 A in the third. A grating capable of such 
performance has not yet been ruled. Although in a good grating the 
first order is likely to give nearly the theoretical resolving power, the 
second will perhaps give only half again as much as the first, and the 
third perhaps only double the first. In any actual grating some 
orders come much closer to perfection than others, for reasons dis¬ 
cussed in Chapter 4. 

The ruled area on a grating is rectangular in shape, the length of a 
ruling usually not exceeding 2 in. on a concave grating and 4 in. on 
a plane grating. Factors having to do with astigmatism make short 
rulings desirable in the case of a concave grating. 

Most of the diffraction gratings used in small spectroscopes up to 
1947 were not original gratings but were replicas made by a process 
devised by Thorp® and perfected by Wallace,^ in which a thin film is 
formed when dissolved collodion or gelatin is poured on the surface 
of a grating. When this film hardens, it forms a cast of the rulings. 


^ T. Thorp, Manchester Lit. and Phil. Soc. Mem., 44, 1 (1900). 
^ R. J. Wallace, Astrophys. Jour., 22, 123 (1905). 
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The film is stripped off and is then carefully mounted on a plate of 
optical glass. Such a grating cannot be expected to show the full 
resolution of its parent but may give slightly greater dispersion as a 
result of shrinkage of the grating space. Its use is of course limited 
to the transmission region of glass. 

In 1947 White and Frazer* of the Perkin-Elmer Corporation devel¬ 
oped a process of making fairly good concave grating reflection 
replicas by casting a thin plastic model, fronted with an evaporated 
aluminum coating and backed with flexible plate gl«iss, of a convex 
master grating ruled by R. W. Wood at Johns Hopkins. Although 
the replicas duplicated the master grating closely, the thinness of the 
flexible backing appeared to limit the resolution obtainable. It 
seems probable that improved replica gratings will soon become 
widely available. 

The distribution of light among a number of grating orders natu¬ 
rally results in a loss of light in any one order. This loss can be 
reduced considerably by shaping the point of the ruling diamond so 
that more light will be thrown in one direction than in another. It 
is desirable, in any case, to have most of the light thrown into the 
orders on one side of the central image. When very high resolving 
power is desired, a grating can sometimes be found in which most of 
the energy is thrown into the higher orders. In general, if a grating 
shows high intensity in one order in a given direction, lines of all 
other orders lying in that same direction will tend to be strong. Thus 
a grating that is found to give high intensity on one side in the second- 
order green (5500 A) may be expected to be bright also in the infrared 
near 11,000 A in the first order and in the ultraviolet near 3600 A in 
the third order. This effect cannot always be counted on, however, 
since target pattern may change the distribution of light, as discussed 
in Chapter 4. 

Before proceeding to the detailed comparison of prism and grating 
spectroscopes, it is convenient to consider other parts of the instru¬ 
ments that are essentially identical in the two cases. 

2.6. The Slit. Since a spectrum line is merely a monochromatic 
image of the slit, the slit is one of the most important parts of a 
spectroscope. The accuracy with which it is made and can be 
adjusted governs the character of the spectrum lines produced. 
Therefore the slit may have an important effect on resolution. 


5See R. W. Wood, Jour. Opt. Sac Am., 36, 715 (1946). 
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The slit width should be v*ariable and in fine instruments should be 
capable of adjustment between 1 mm and 0.005 mm. The slit jaws 
are usually separated by a calibrated screw acting in opposition to 
a spring that tends to move them together. A typical spectrograph 
slit is shown in Fig. 2.9. 



Fig. 2.Q. Typical small-spectograph slit. (Courtesy Jarrell- 
Asli (^)mpany, Boston.) 


In order that the space between the jaws shall form a suitable line, 
it is necessary that the edges of the jaws be accurately ground to 
straightness and mounted truly parallel, and that the front faces of 
the jaws lie in the same plane. The jaw edges are ordinarily beveled 
so that light reflected from them will not enter the spectroscope, and 
the beveled side is turned away from the entering beam. 

Slits in which only one jaw is movable, the so-called unilateral type, 
are cheaper than the symmetrically opening type but have the dis¬ 
advantage that the centers of spectrum lines produced with them 
move when the slit width is changed. Although the bilateral slit is 
necessarily more complicated to construct, a number of very satis¬ 
factory forms have been devised. A slit of this type is desirable on 
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any good spectroscope. The best adjustable slits are made to close 
at the ends only, so that their sharp jaw edges will not be marred by 
careless closure. The jaws should be made of some hard and durable 
material, such as stellite or stainless steel, which can be ground to a 
sharp edge and polished. 

A simple slit can be made by coating a plate of quartz or other 
transparent material with a thin opaque coating of metal or lacquer 
and by engraving lines of the desired width in this. Slits of several 
widths may thus be j)rovided, the proper one being set into the slit 
holder as needed. For certain purposes such slits are more useful 
than the adjustal)le type, since a definite slit width can be reproduced 
more accurately than by setting a screw for which backlash and zero 
position may change. 

The slit is usually mounted in a drawtube in such a way that it can 
be moved into or out of the spectroscope for focusing purposes and 
rotated about a horizontal axis so as to be brought accurately parallel 
to the edges of the dispersing element. Diaphragms should be pro¬ 
vided with which the effective length of the slit or the portions of it 
tlirough which light passes can be varied. 

A slit that is almost closed may cause horizontal streaks to appear 
in the spectrum, because of dust parti(*les which close the slit entirely 



Fig. 2.10. Simple spectroscope system. S, slit; Li, collimator 
lens; P, prism; telescope lens; Xi — A" 2 , spectrum. 

at the spots where they occur. Any adjustable slit should occasion¬ 
ally be cleaned by opening it and carefully stroking its edges in one 
direction with a freshly sharpened stick of soft wood. 

2.7. The Collimating and Focusing Systems. To give the greatest 
resolution, dispersing devices must be illuminated with a collimated 
beam of light, usually one in which the rays are parallel. The light 
that has passed through a slit is divergent. It may be made parallel 
by a positive lens called the collimating lens, shown as Zi in Fig. 2.10. 
After passing through the dispersing system (prism P in Fig. 2.10) 
the beam must be brought to a focus to give sharply defined images 
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of the slit. The lens that fulfills this function is called the telescope 
lens, camera lens, or focusing lens, depending on whether a visual 
spectroscope or spectrometer, a spectrograph, or a monochromator is 
involved. The functions of these lenses can, of course, be carried out 
by mirrors, which are sometimes used, especially in the infrared region. 
Lenses have the advantages over mirrors of giving greater light trans¬ 
missivity at most wavelengths except the infrared, of fitting somewhat 
better into the geometry of the spectroscope, and of being easier to 
correct for certain aberrations. 

In a good spectroscope, all lenses or mirrors are corrected for 
spherical aberration, and so as to focus the spectrum on a fairly flat 
focal surface. This surface is often curved to some extent, but the 
curvature is made as small and as even as possible. The focal surface 
in a prism spectrograph is sometimes sharply inclined to the light rays 
that strike it, being closer to the prism at short wavelengths, owing to 
the higher index of refraction of the lens material for these waves. 
This condition is not undesirable, since the increased apparent linear 
dispersion produced may in some cases be an advantage; spectro¬ 
graph lenses are therefore usually left uncorrected for chromatic 
aberration. 

2.8. Observing and Recording Systems. When the spectrum is to 
be examined by eye, an eyepiece is provided that magnifies by from 
3 to 10 times the spectrum imaged by the telescope lens. This eye¬ 
piece, together with the telescope lens, forms a telescope for observing 
the beams of monochromatic light that leave the dispersing element. 
This telescope may be arranged to swing on an arm about the prism 
so that it can be pointed at the prism from different angles to observe 
the various parts of the spectrum. Alternatively, the telescope may 
be fixed in position and a special prism may be used which, when 
rotated, sends successive spectral regions into the eyepiece. The 
eyepiece is usually [)rovided with a fine cross hair, or with an il¬ 
luminated scale or pointer, to serve as a reference mark. 

The collimating and telescope lenses of good visual spectroscopes 
are always corrected for chromatic aberration, to avoid the necessity 
of changing the focus of the eyepiece with wavelength. 

^ In a spectrograph, no eyepiece is needed. Instead, provision is 
made for holding a photographic plate or film so that the spectrum is 
in focus on it throughout the range to be recorded at one time. One 
criterion by which a good spectrograph may be distinguished from a 
poor one is the ability to focus sharply, at one time, all the lines 
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within the spectral range incident on the plate. The plateholder 
(see the following paragraph) should be such as to bend the plate to 
fit the focal curve exactly. It is desirable to keep this curvature as 
small as possible to avoid the necessity of using films or very thin 
glass plates. In some instruments there is so little curvature of the 
focal surface that the entire si)ectrum can be focused sharply on a 
flat plate. 

The plate or film is held in a plateholder or cassette, which, if neces¬ 
sary, is provided with templates to bend the plate to the proper curva¬ 
ture. The plateholder is often provided with a dark slide that can be 
opened after the plateholder is in place, and closed wlien the plate is 
to be carried to the darkroom for development. The plateholder 
mounting usually has provision for moving the plateholder vertically, 
so that a number of different spectra can be photographed on the 
same plate. 

Prism instruments are sometimes provided with wavelength scales, 
which can be impressed on the spectrogram by swinging the engrave<l 
transparent scale into position before the plate and making a brief 
exposure to a small incandescent lamp. These scales are apt to shift 
with use and can be relied on to a few angstroms only. 

2.9. Comparison of Prism and Grating Spectrographs. Discus¬ 
sion of detailed designs of prism and grating spectrographs will be 
reserved for Chapters 3 and 4, but it is convenient now to compare 
the general characteristics of instruments of the two types. Most 
important, perhaps, is the range of spectrum covered. As mentioned 
previously, when a concave diffraction grating is used, only one 
spectrograph is required for working in the ultraviolet, visible, and 
near infrared regions of the spectrum. With a prism spectrograph, 
however, at least two sets of optical parts are required to cover these 
regions satisfactorily. Quartz prisms and lenses are ordinarily used 
for the ultraviolet region, glass for the visible, and rock salt, fluorite, 
lithium fluoride, or potassium bromide for the near infrared. Some 
prism spe?ctroscopes are provided with interchangeable optical trains. 

To compare the relative dispersions of prism and grating instru¬ 
ments, it is convenient to express the angular dispersion of a prism in 
terms of the number of lines per inch required on a grating of equiva¬ 
lent dispersion (and if of the same linear aperture, a grating having 
equivalent theoretical resolving power). Such data are given in 
Table 2.1, where the first column lists the types of prisms considered, 
the second column gives the wavelengths to which the data apply, and 
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the third column shows the number of lines per inch in a grating 
having the same angular dis])ersion <as the prism referred to. It is 
evident that a grating can be ruled which will give dispersion in an;y 
sj>ectral region as great as that given by a standard prism. Since 
most gratings are ruled with from 15,000 to 30,000 lines per inch. 
Table 2.1 shows that practical gratings produce dispersions superior 
to those of single prisms for all wavelengths longer than about 2000 A, 
even in the first order. 


TAIiLE 2.1 

AlMMtOXlMATE NUMKERS OF LiNES TEH I\(’U ON A (^ONCAVE (iRATlNO 

Needed to Match Dispersions of OO-Decree Prisms 


Prism type 

Wavelength, 
in augstr<niis 

Angular 

dispersion 

Linear dispersion 
with maximum 
plate lilt 


8000 

500 

1500 

( 1 Itiss 

(iOOO 

1250 

3500 


4000 

5000 

14.000 


4000 

2000 

0000 

Quartz 

1 8000 

5000 

15,000 


' 2000 

30,000 

90,000 


It is much easier to obtain a diffraction grating having a ruled sur¬ 
face 0 in. wide than it is to obtain a transparent f)rism of equivalent 
aperture. Commonly used gratings have three times the linear aper¬ 
ture of the most commonly used prisms, so that the grating has, in 
general, a considerable advantage in resolving power. 

In prism spectrographs, the plate is often tilted because of variation 
of the focal length of the camera lens with wavelength, and the linear 
dispersion along the plate is greater than the value obtained by 
multiplying the angular dispersion by the focal distance. With 
standard quartz spectrographs, the apparent magnification of disper¬ 
sion which results may be as great as threefold, as shown in column 4 
of Table 2.1. Even when this additional apparent dispersion of the 
prism spectrograph is taken into account, practical gratings give dis¬ 
persions exceeding those of single prisms at all wavelengths longer 
than about 2500 A. 

If we compare spectrographs having the same linear aperture and 
focal length, a 30,000-1ine-per-inch grating instrument will excel a 
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glass-prism instrument in dispersion and resolving power at all wave¬ 
lengths, and a quartz-prism instrument at all wavelengths longer than 
2500 A, even in the first order. The second order of the grating is 
also available for the short wavelengths, giving double the dispersion 
and increased resolution. 

That the various orders of a grating overlap is sometimes cited as a 
disadvantage of the grating spectrograph. Undesired orders can 
usually be removed, however, by filters or by crossing with another 
spectroscope, which may be one of low dispersion. 

Figure 2.11 shows the distribution of wavelengths in typical spec¬ 
trograms taken with prism and grating spectrographs that give 

2000 2100 2200 2300 2400 2500 2600 2800 3000 3500 4000 

^1 I I I I I I i I i I I I I I I I I I i I I I I I I I thilllllllltl 

2000 2 200 2400 2600 2800 3000 3200 3400 3600 3800 4000 

b. I I I I I t I I I I I I I I I I I t I I I I I I I I I I I I I i I i I I I I I I I 

Fig. 2.11. Comparison of a prism scale, o, for a quartz prism, and a grating 
scale, 5, for normal dispersion, in the case of two spectra of equal length from 
2000 to 4000 A. 

spectra of the same over-all length from 2000 to 4000 A. The erow^d- 
ing of the prism spectrum at long w\avelcngths is obvious. It should 
be emphasized, howTw^er, tliat this crowding is of importance only 
where wavelengths are being considered. In terms of frequencies or 
wave numbers, the prism scale is more uniform than that of the 
grating. 

2.10. Speed and Eflficiency. The principal purpose of a spectro¬ 
scope is to separate light in accordance with its wavelengths. The 
greater the resolution of the instrument used, the greater the purity 
of the spectrum produced, other factors remaining constant. How¬ 
ever, the purity of the spectrum depends also on the width of the slit 
used, the focal lengths of the collimating and camera lenses, and the 
freedom from scattered light and false lines. 

The spectral purity of light that can be isolated by a slit of given 
width can be increased by increasing the focal length of the camera 
lens. This procedure will cut down the intensity of the spectrum, 
however. For a given prism or grating the intensity of light at a 
given position in the spectrum and the purity of the spectrum at that 
point can each be altered only at the expense of the other. The 
efficiency of a spectroscope is defined as the product of intensity times 
purity. A small prism instrument of high light-gathering power and 
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low dispersion raay be as efficient as a large concave-grating spectro¬ 
graph of low light-gathering power and high dispersion. 

The speed of a spectrograph is a measure of the intensity of the 
light it transmits at tiny wavelength. The speed at each wavelength 
varies directly with the transmission factor of the instrument and 
inversely with its aperture ratio, which is the ratio of the focal length 
of the spectrograph to its linear aperture. The aperture ratio is 
equivalent to the / numl)cr as used with ordinary camera lenses. 
Aperture ratios of prism spectrographs usually lie between 7 and 15, 
whereas large quartz Littrow instruments usually have an aperture 
ratio of about 23. A standard 21-ft concave-grating spectrograph 
ordinarily has an aperture ratio of 42 horizontally and 120 vertically. 

C^.oncave gratings are ordinarily not used at high-aperture ratios 
because the greater the curvature of a grating blank, the more diflScult 
is it to rule, since the ruling diamond will cut on different portions of 
its edge at different stages of the stroke. The aperture ratio of a 
given grating can be doubled by using the stigmatic mounting dis¬ 
cussed in § 4.7, which cuts the effective focal distance of the grating 
in half, making readily available a horizontal aperture ratio of 21. 

The diffraction grating has a fundamental advantage over the 
prism in separating energy in accordance with wavelength. This 
advantage was at one time offset more often than not by the low 
transriiission factor resulting from the low reflecting power of grating- 
mirror materials, which resulted in greater loss of light than that 
caused by the absorption and reflections in prism instruments. Since 
the introduction of gratings ruled on aluminum-covered glass sur¬ 
faces, grating spectrographs have been made with transmission 
factors larger than those of prism instruments equivalent in size and 
in purity of sf)ectrum. Grating spectrographs have the reputation of 
low light transmission because in the past they were ruled on specu¬ 
lum metal, which has a reflecting power of 10 per cent or less for 
wavelengths in the far ultraviolet. Aluminum-on-glass gratings 
having reflection factors of 65 per cent even in the ultraviolet are not 
uncommon today. 

Formerly, another limitation of the grating was its waste of light, 
since as much as 50 per cent of the light sometimes went into the 
undispersed central image and 60 per cent of the remainder into orders 
not being used. This effect has been overcome by selection of dia¬ 
mond points so shaped that they engrave rulings which throw much 
of the light in one general direction. An aluminum-on-glass grating 
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ruled by 11. W. Wood has been found by measurement to throw 
80 per cent of its reflected green light into one first order. This 
directional effect, coupled with an 80 per cent reflection coeflScient for 
the grating material, r(\sults in the appearance in one first order of 
more than half of the green light sent into the instrument. Such a 
transmission factor is somewhat greater tlian that of most prism 
spectrographs, where the presence of from 6 to 14 quartz-to-air or 
glass-to-air surfaces results in large losses by reflection and scattering. 
Prism spectroscopes have seldom been found to transmit more than 
80 per cent of the light sent into them when their transmission factors 
have been measured precisely. 

2.11. Scattered Light and False Lines. Most concave-grating 
spectrographs using original ruled gratings, as opposed to replicas, 
show less scattered light than prism instruments, because of the 
smaller number of optical surfaces they contain. Usually the light 
scattered from a grating ruled on an aluminum surface is far less than 
that from a speculum metal grating, because of the grainy character 
of the latter. Coating a speculum-metal grating with aluminum will 
increase its reflecting power and hence its speed, but this is of little 
aid in reducing scattered light, since the latter is increased in intensity 
proportionately to the increase in intensity of the spectrum. 

All gratings show false lines of a type known as ghostsJ Rowland 
ghosts are produced by periodic errors in the screw that moves the 
diamond forward a definite amount }>etween strokes while the grating 
is being ruled. These ghosts, though annoying if intense, cause much 
iess trouble than the so-called Lyman ghosts, which are produced by 
a different type of irregularity in the drive of the ruling engine. 
Lyman ghosts are usuaJly widely separated from their parent lines. 
Thus a line of wavelength X may be found to have Lyman ghosts at 
positions corresponding to X/a, 2X/a, 3X/a, . . . ?iX/a, where a is an 
integer. Although these ghosts have the color of the parent line and 
so can often be distinguished visually, in spectrographs they may 
cause great confusion and have led to many errors in the past. For¬ 
tunately, Lyman ghosts are seldom strongly present in gratings ruled 
on modern engines. A grating that shows them in intensity greater 
than about 0.01 per cent of that of the parent line should be considered 


® R. W. Wood, Jour. Opt. Soc. Am.., 34, 509 (1944). 

^ See W. F. Meggers, C. C. Kiess, C. Range, and J. A. Anderson, Jour. Opt. Soc. Am., 
6, 417 (19^2). 
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Fig. 

graph 


2.12. Photo- 
of Rowland 
ghosts of a diffraction 
grating (mercury line 
at 5461 A). 


as unsuitable for ordinary work. The ])resence of Lyman ghosts can 
readily be detected by met hods described in § 5.3 and in Reference 7. 

Rowland ghosts, if present, are easy to detect. Usually two or more 
pairs of equally intense ghosts will be found symmetrically placed 
about every very strong line, as shown in Fig. 2.12. The user, once 
familiar with a given grating, has no difficulty in identifying Rowland 
ghosts or in knowing when their presence can be 
neglected. In a good grating such ghosts will 
have intensity less than 0.1 per (rent of the par¬ 
ent line and can usually be neglected entirely. 

2.12. Shapes of Spectrum Lines. TIu' lines 
prodiurcd in a prism sj)ectrograph are not 
straight but are curv'ed as a result of the in¬ 
creased deviation of rays that pass through 
th(‘ j)rism obliquely. This curvature sets a 
limit to the length of slit that can be used with 
a given collimator lens. 

firatings j)roduce very straight spectrum lines and give fairly uni¬ 
form magnification of the slit images, an important consideration 
in many types of photographic photometry, including those using 
logarithmic spiral disks or step sectors. 

The contour of a spectrum line is likely to be of the form shown in 
Fig. 2.13a. A ])rism spectrogram or one from a good grating will 
usually show smooth and symmetrical line contours, but in imperfect 
gratings the liru's are apt to appear irregular or asymmetrical, as 
shown in Fig. 2.13b, This effect is usually apparent only in gratings 

of high dispersion and resolving 
power. It will be discussed further 
in §§9.12 and 20.4. 

2.13. Astigmatism. A lens or 
mirror, unless anastigmatically de¬ 
signed, produces a true image of an 
object only when both lie close to 
the optic axis. As the angle of a 
beam of light departs from the op¬ 
tic axis more and more, greater 
amounts of astigmatism are intro¬ 
duced, the rays being brought to a 
line focus at one distance and to a second line focus perpendicular to 
the first at a greater distance, as shown in Fig. 2.14. In ordinary 



Fig. 2.13. Contours of spectrum 
lines, (a) Regular contour, as pro- 
vliiced by a good grating or prism; 
(b) irregular contour, as produced 
by a defective grating. 
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prism spectrographs, most of the rays passing through the camera 
lens deviate very little from the optic axis, and the astigmatism 
can usually be neglected, since extremely fine focus is needed only 
in the horizontal direction to resolve close spectrum lines, and a 



Fig. 2.14. Astigmatism produced by a lens. Off-axis rays from the point Q 
come to focus in two line images, Qi' and § 2 ^ The position of minimum beam 
cross section is called the circle of least confusion. (From A. C. Hardy and F. II. 
Perrin, Principles of Optics, McGraw-Hill Rook Company, Inc., New York (1932), 
page 100. Courtesy authors and publishers.) 


focus only one-tenth as sharp will serve in the vertical direction. 
Also, the camera lens can be figured so as to reduce astigmatism. 

The spectrum lines produced by a concave diffraction grating, as 
ordinarily used, are astigmatic images of the slit, each illuminated 
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[)()int on the slit being imaged as a vertical line in the spectrum rather 
than as a point. No decrease in the purity of the spectrum results so 
long as the slit is accurately parallel to the rulings of the grating and 
neither tlie slit nor the astigmatic images are curved. With most 
gratings a very slight line curvature does exist, and it is advisable to 
keep the illuminated portion of the slit or grating as short as possible 
in (he vertical plane when high resolving power is rerjuired. 

Since each astigmatic line image is longer than the slit that pro¬ 
duced it, astigmatism may result in a decrease of speed, which be¬ 
comes very serious at large angles of incidence and ndtection. In the 
high orders of a grating, astigmatism may produc*e a twentyfold 
<lecrease in intensity when a short slit is used, as disciissefl in § 4.9. 

A more imi)orlant disadvantage of astigmatism is that the long, 
ev(‘n spectrum lines prodiu^c^d by an astigmatic spectrograph mask the 
variation of illumination along the slit, which might otherwise reveal 
im|)ortant information about the source of light being studied. A 
prism or a diaphragm for producing com])arison spectra cannot be 
])laced at the slit of such an instrument, nor can rotating photometric 
disks be used at the slit, as they can with a stigmatic instrument, 
unless special compensation is introduced. 

Astigmatism is occasionally useful, as with certain types of intensity 
measurements, and for producing spectrograms that are neat in 
appearance. The astigmatism of concave gratings and methods for 
overcoming this, some of which are apjdicablc to all astigmatic 
spectrographs, are further discussed in § 4.9. 

2.14. Space Requirements. A grating spectrograph requires no 
more s[)ace than an equivalent i)rism spectrograph. Many grating 
installations are large because bulk can be tolerated and much can be 
accomplished with the increased dispersion and range thus made 
available. Prism instruments are not made large principally because 
large ])risms are very expensive and are aj)t to absorb much light at 
short wavehmgths, and because of optical limitations on the lenses 
used. The standard 6-in. grating usually has a 21-ft focal length. 
This focal distance results in a large spectrograph. If the size must 
be held to that of a standard Littrow prism spectrograph, a smaller 
grating can be used and the instrument will then occupy no more 
space than the equivalent prism instrument. Various designs of 
prism instruments are discussed in Chapter 3, and in Chapter 4 the 
different mountings in which concave gratings have been used are 
described in detail. 
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A diffraction grating can be arranged to give at high dispersion with 
a single setting that part of the spectrum most commonly photo¬ 
graphed, from 2000 to 5000 A. Wlien one uses the stigmatic mount¬ 
ing discussed in Chapter 4, it is often convenient to cover 2500 to 
5000 A in the first order, with 2000 to 2500 A overlapping in the 
second order. This overlapping ordinarily causes lit tie inconvenience 
when line emission spectra are involved. Three 10-in. plates placed 
end to end can be used to cover this range with a dispersion corre¬ 
sponding to 3.3 A/mm, which is suflScient for much routine work. 
Photographing 30 in. of spectrum at one time requires that the 
spectrograph be somewhat wider than the standard prism instrument. 
In the prism spectrograph these three ranges would be photographed 
separately, one after the other, adjustments of the prism, plate, and 
optical system being required between exposures. When space is 
more important than time, a narrow mounting can be used for the 
grating spectrograph, enabling a single plate to be used with adjust¬ 
ments similar to those required by the prism instrument. 

2.15. Summary of Comparison. The results of the foregoing dis¬ 
cussion are summed up in Table 2.2 where + indicates tliat the device 
so marked is superior to the other in the quality indicated. 


IWBLE 2.2 


Summary of Comparison liETWFKx Prism and (Irating SPEi TRixatAiMis 


Characteristics 

Prism 

instruments 

(irating 

instruments 

Spectral raii^;e 


+ 

Linear aperture 


+ 

Resolving power 


4- 

Relativ'c dispersion 


■f 

Uniformity of dispersion: 



Ry wavelength 


-h 

By frequency 

+ 


Speed 

-f 


Freedom from: 



Astigmatism 

H- 


Stray light 


-f 

Spurious lines 

-f 


Line curvature 




In the past, grating spectrographs have been used less often than 
prism spectrographs for a very simple reason: the difficulty of con- 
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structing and operating satisfactory ruling engines. A second prob¬ 
lem to be solved has been a metallurgical one: to obtain a metal hard 
enough to l)e figured accurately and polished like glass and soft 
enough to avoid wearing out the ruling diamond too rapidly. A 
practical solution has been to figure a glass mirror and to evaporate 
on this a coating of chromium, and then on this a coating of alu¬ 
minum. The ruling is tlien done on the soft aluminum surface, which 
gradually i)rotects itself with a thin transparent film of oxide, leaving 
a surface that reflects quite well all wavelengths between 1000 and 
10,000 A. Such gratings are not so sturdy as prisms but last well 
under pro})er care. 

Original diffraction gratings cost from $^^00 to $1,500 apiece, al¬ 
though the price vari(‘s greatly with the source of supf)ly, and th(‘ 
size; re])licas are somewhat cheaper. A quartz prism costs about 
the same per unit area of aperture, and a glass prism somewhat, 
though not much, less. Since both (piartz and glass prisms must be 
provided to give the desirable spectrum coverage, to say nothing of 
the auxiliary lenses and ])risms that are required, it is justifiable to 
conclude that a grating spectrograph is fundamentally a less expen- 
siv(^ piece of apparatus to build than a prism spectrograph. A con¬ 
cave grating costing $800 can be made to do the work of a quartz 
prism costing $10,000, if mere size is a criterion. Gratings seem 
destined to come into much wider use as their availal)ility increases. 

A partial list of manufacturers of spectroscopic equipment is given 
at the end of this chapter. Most of the firms listed are glad to furnish 
material giving detailed descriptions of their apparatus, and are 
usually willing to supply sami)le spectrograms. The most widely 
used types of prism spectrographs are described in the next chapter, 
and grating instruments are discussed in ("hapter 4. 

2.16. Monochromatic Illuminators. Isolation of a coini)aratively 
narrow band of spectral wavelengths can be produced by means of 
absorption filters, refraction filters, interference filters, or especially 
adapted spectroscopes calk'd monochromators. The various types of 
filters are described in Chapter 14. Monochromators may be of 
s})ecial design, to give convenience in changing the wavelength of the 
isolated beam or extreme freedom from scattered light, or may consist 
merely of spectroscopes in which an exit slit has been provided in place 
of a viewing eyepiece. The most satisfactory monochromators are 
those designed with fixed entrance and exit slits, so that the emergent 
beam has a fixed direction no matter what its wavelength. Prism 
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monochromators are described in Chapter 8 and those using gratings 
in Chapter 4. Almost all spectrometers for use in the infrared region 
are monochromators of types described in detail in Chapter 17. 

REPRESKNTATrV?: MaNIIFA('TURER 3 OF SPE(TROSCOPK* EgUrPMENT 

The specialties lisp'd for each mamifaelurer are iiiiended to bt' iiidic^alivc 
only, and do not imply that products are liniiled to those nn'iitioned. 

Applied R(\s(‘areh Laboratories, Glendah', Calif, (grating sj)eelrographs and 
ecpiipment). 

Applied Physics (^^rporation, I’asadena, Calif, (automatic recording spectro¬ 
photometers). 

Raird AssociaP's, Cambridge, Mass, (grating spectrographs, infrannl equip¬ 
ment). 

Rausch & bomb Optical Company, Roclu'ster, \. \. (prism apparatus). 

Ch. Beaudoin, Paris (prism apparatus). 

R, and J. B(*(*k, Ltd., London (small prism apparatus). Vgc'uts in U.S.A.: 

Jarrell-Ash (Company, lh>ston, and Pfaltz and HaiKT, Inc., New York. 
Bellingham and Staidey, Ltd., London (prism apparatus). 

Central Scientific Company, Chicago (small grating and prism a{)y)ara1us), 
Gaertner Scientific Cor[)oration, Chicago (prism spectroscoj)ic instruments). 
General Electric Company, Schenectady, N. Y. (recording sj)ectrophotom- 
eters for the visible region). 

llilger and Watts, Ltd. (formerly Adam Ililger, Ltd.), London (sf)ectroscopic 
equipment of all types). Agents in IJ.S.A.: Jarr(‘II-Ash Company, Boston. 
Huet (Sociote Gcnerale d’Optique), Paris (prism ajijiaratus). 

Jarrell-Asli Company, Boston (grating spectrogra pi is, d(*al(‘rs in and importers 
of spectroscopic equipment of all types). 

Kipp and Zonen, Delft, Holland (prism apparatus and eijuipment). Agents 
in U.S.A.: James G. Biddle Co., Philadelphia. 

Lane-Wells Company, Pasadena, Calif. (Prism Spectrographs for Raman 
efi’ect). 

National Technical Laboratories, South Pasadena, Calif, (speirtrophotorn- 
('ters, infrared equip)ment, flame photom(‘l(*rs). 

Perkin-Elmer Corporation, Glenbrook, Conn, (infrared equip)ment, flame 
photometers). 




(^ii\i>ti;h 3 


Prism Spectroscopes and Sf)e<;trographs 


Repkeskntative m(j])Ees of PKisM SPECTkos( OPES will be described 
in this chapter, to illustrate the forms commonly used. Where ap- 
[)aratus of a particular maker is depicted, the l)asis of selection is to 
some extent arbitrary, since equally good instruments of a similar type 
are often obtainable from other manufacturers. 

3.1. Materials for Dispersive Prisms. The chart in Fig. 3.1 
shows th(‘ relative dispersive powers and ranges of transmission of 
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[ for prisms only in the visible 


region, the near infrared, and the near ultraviolet. Since most glasses 
produce greater dispersion in these regions than do other optical 
materials, glasses are commonly used in visual spectroscopes. The 
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various kinds of optical glass differ greatly in dispersion, in refractiv^e 
index in a giv^en wavelength region, and in pcrinancnc(‘ of surface. 
Flint glasses are likely to be trans[)arent at longer wavelengths than 
are crown glasses. Special glasses such as IJviol and Cortex transmit 
somewhat farther into the ultraviolet than do ordinary glass(‘s. 

Quartz in the crystalline form found in nature, as distinct from so- 
called fused quartz, is doubly refracting. If a prism is cut from a 
quartz crystal, its optic axis should be made to coiru^ide with the optic 
axis of the crystal, to avoid doubling of the spectrum. Even when 
this condition is fulfilled, a slight doubling of the spectrum lines re¬ 
sults from the circular polarization ])roduced by the quartz. This 
defect can be eliminate<l by a method devised by Cornu, in which half 
of the j)rism is cut from a crystal producing right-handed rotation 
and half from a crystal producing left-handed rotation. Fused or 
vitreous quartz does not produce birefringence or cir(*ular polarization, 
but it has less dispersive power than crystalline quartz, absorbs wave¬ 
lengths shorter than ^2800 A more strongly, and is seldom produced in 
sufficient homogeneity to give high optical quality. Even natural 
(juartz crystals vary somewhat in transmission from sample to sample, 
especially for wavelengths shorter than 2500 A. Manufacturers will- 
on occasion, furnish optical parts especially selected for high trans- 
parenc*y in the region near 2000 A. 

Because rock salt and potassium bromide are very hygroscopic^, 
optical parts made of these materials must be carefully protected 
from moisture. Despite this limitation, rock salt is so transparent 
between 1800 and 160,000 A that it is oc?casionally used in com¬ 
mercial spectrographs for the visible and ultraviolet. It is widely 
used in instruments for the infrared and will be discussed further in 
this connection in Chapter 17. Sylvine (KCl) and potassium bromide 
extend even farther into the infrared than rock salt (to 230,000 and 
270,000 A, respectively), and are often used for prisms. 

Fluorite (calcium fluoride) held for many years the unique position 
of being the only material suitable for optical parts transparent to 
wavelengths as short as 1250 A, but pieces larger than an inch in 
diameter were prohibitive in cost. During World War II, consider¬ 
able progress was made in growing large crystals of this material ^ and 
of lithium fluoride, which is transparent to about 1050 A.^ The latter 
material has the disadvantage of being brittle and difficult to work 

^ D. C. Stockbarj?er, O.S.R.D. Report No. 4690. 

C. Stockbarger, Rev. Sei. Inst., 7, 1S8 (1939). 
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without cleaving, and it is fortunate that synthetic calcium fluoride 
crystals'^ have become o})lainahle in diameters as large as may be 
desired for sjK'ctroscopic eciuipment. 



Prisms of extreme size ar(‘ sometimes needed, not so much for the 
increased resolving power given by greater base thickness as for the 
larger prism af)erture, which will transmit more radiant flux. In very 
large prisms this advantage may be offset by increased transmission 



Fig. 3.3. Divided-circle spectrometer with prism removed. (Courtesy 
(^aertner Scientific (.'orp., Chicago.) 


losses through absorption and scattering in the thicker material. It 
may then be desirable to use instead a multiple prism of lower resolv¬ 
ing power, as shown in Fig. 3.2. 

From the Harshaw Chemical (>)., East 97th Street, Cleveland (5, Ohio. 
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Numerous sp(‘cial types of dispersing prisms have been designed. 
Most of these are not in common use; certain especially useful forms 
are described below in connection with speclroscopes designed 
around them. 

3.2. The Simple Spectrometer. A ty[)e of prism s[)eefrom(‘ter 
extensively us(m 1 in teaching and r(\search laboratories is illustr.ated in 
Fig. 8.8. The slit is affixed (o the eollimator tube in su(‘h a manner 
as to slide in and out for focusing adjustment, and the glass collimator 
lens is rigidly mounted at the end of this tube. The prism is mounted 
on a table that rotates a})out a verlieal axis, and the tel(‘seoj)e tube 



Fig. 3.4. Spekker Steeloscope, a two-prism spectroscope for analysis of 
ferrous alloys by visual observation of spectra. KOurte^y Adam llilger, l.td., 
London.) 

rotates about the same axis, carrying an objective lens and an eye¬ 
piece. Graduated circles with vernier scales are provided to read 
the angles through which the prism and the telescope arm are turned. 
Such spectrometers are used extensively for instructional purposes, 
for measuring the indices of refraction of various solid materials in 
prism form, for testing prisms, and for observing simple spectra. 

A small transmission grating can be used in place of the prism in 
such a spectrometer. It is then desirable that ample swing be pro¬ 
vided for the telescope tube, to permit observation of orders on both 
sides of the normal. 
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Fig. 3.5. Arrangements to obtain constant deviation for rays traversing the 
prism at minimum deviation, (a) Pellin-Broca prism for 9()-deg. deviation, 
(h) Wadsworth mounting, with wiiieh ttie ovcr-all deviation depends upon the 
angle a. 


For routin(‘ exaniiiiaiion of selected spectra, prism spectrometers 
can be obtained in wliich collimator tube, prism, and telescope tube 
are all fixed in })osition, as in Fig. 8.4, where the Ililger Spekker 
Steeloscope is depicted. These spectrometers are usually provided 
with scales on which the positions of important lines are marked. If 
the prism and the lenses of such an instrument are made of quartz, a 



Fig, 3.6. Constant-deviation wavelength spectrometer mounted with source 
on optical bench. (Courtesy Adam Hilger, Ltd., London.) 
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fluorescent eyepiece can be used which may make possible observation 
of ultraviolet lines as far down as 1850 A. 

3.3. Modem Wavelength Spectrometers. A very convenient 
type of spectrometer is one using the constant-deviaiion prism of 
Abbe^ as modified by Pellin-Broca.^ As shown by tlie dotted lines in 
Fig. 3.5a, the single prism of peculiar shape is equivalent to two 
30-deg dispersing prisms connected by a 45-deg total reflecting prism. 
When one wishes to scan the sj)ectrum, the prism is rotated, and 
various wavelengths are sent success!v(‘ly in the direction OJ at right 
angles to the incoming rays of light. All lenses are corrected for 
chromatic aberration, to avoid the necessity of refocusing for each 
wavelength. A calibrated drum is provided from which wavelengths 
can be read directly to within a few angstroms (Fig. 3.0). 

The resolving power of this type of constant-deviation spectroscope 
as manufactured by Gaertner, Hilger, and others is usually less than 
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Fig. 3.7. Direct-vision spectroscope employing an Amici prism (two prisms of 
crown glass and one of flint glass). (Courtesy Bausch & Lornb Optical Com¬ 
pany, Rochester, N. Y.) 

5000. An eyepiece provided with a pointer can be obtained. By 
means of a small mirror this pointer can be illuminated from the 
source through screens of various colors, so that a color that contrasts 
Wfth any part of the spectrum can be chosen. Small cameras can 
also be obtained which, when fastened in place after removal of the 
observing telescope, transform the instrument into a .spectrograph for 
photographing the visible region at low dispersion. 

* E. Abbe, Jena Zeitschr.f. Med. u. Natvrwiss., 5, 459 (1870). 

® P. Pellin and A. Broca, Jour, de Phys., 8, 314 (1899). 
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3.4. Direct-Vision Spectroscopes. The .simplest type of spectro¬ 
scope, and one that can be made small enough to carry in the pocket, 
is a small replica diffraction grating, mounted in a flat container that 
has a hole passing through it. If a source of small extent is looked at 
through this device, .spectra in various orders will be vi.sible; and if 
the source is very small, monochromatic images will be seen. 

A somewliat more elegant device is the direct-vision spectroscope 
which makes use of a nondeviating prism. A Bausch & Lomb model 
of this instrument is illustrated in Fig. 3.7. The dispersing system 



Fig. 3.8. Zeiss three-prism spectrograph, with cover removed. 


consists of several prisms alternately of dense flint and crown glass, so 
arranged that the mean deviation of the light beam by one set of 
prisms is neutralized by that of the other set, while a certain amount 
of dispersion remains. This prism is mounted in a convenient 
tube with an adjustable slit and a magnifying eyepiece. A well- 
constructed instrument of this type will resolve many of the Fraun¬ 
hofer lines in the solar spectrum. 

3.5. Portable Spectrographs. A .sf)eetrograph is a .spectroscope 
provided with a camera. This camera usually consists of a pair of 
ways on which slides a casselte or plateholder. The latter holds the 
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photographic plate or film and can be moved up and down in order 
to photograph a number of spectra on the same spectrogram. 

In a small sj)ectrograph the entire transmitted spectrum cun usually 
be })hotographed at a single setting, so that no motion of the i)rism 
or varying focusing adjustment is necessary. In larger instruments, 
where the spectrum cannot be recorded on a plate of reasonable size, 
some provision must be made for turning the prism and changing the 
focal distance of the lenses and the tilt of the plate when various 
regions of the spe(*trum are to be photographed. 



Fig. 3.9. Small quartz spectrograph with source mounted on optical bench. 

(Courtesy Adam Hilger, Ltd., London.) 

3.6. Special Glass-Prism Spectrographs. For many years Zeiss 
manufactured a three-prism spectrograph having the optical sys¬ 
tem illustrated in Fig. 3.8. The prism train is that designed by 
Forsterling, which gives constant deviation with dispersion equivalent 
to that of three 60-deg prisms. All three prisms are arranged on a 
mounting that turns about an axis, above which the central constant- 
deviati(lp prism is placed. The other prisms are kept at minimum 
deviation by steel bands which communicate to their mountings the 
proper rotations as the wavelength drum is turned. 

The instryment covers the range 3700 to 10,000 A and is provided 
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with three interchangeable cameras having (bcm-diaineter lenses of 
85, 27, and 11 cm focus, resj)ectively. A collimating lens of 80 cm focus 
and f) cm diameter is used. With the long camera the plate factors 
are 58, 27, and 6 A mm at 8000, 6000, and 4000 A, respectively. 
The cameras of shorter focal length give proportionately smaller 
disi)ersions but concentrate the same amount of light into smaller 
and hence brighter spectra. Four sets of adjustments of the optical 
parts are needed to photograph the whole visible spectrum with the 
long camera, whereas with th<‘ others single settings suffice. The long 
(•amera takes plates of 4.5 X 12 cm; those of the shorter cameras 
are 6 X 0 cm. 



Fig. 3.10. Medium quartz spectrograph. (Courtesy Bausch & Lornb 
Optical (^)rupaiiy, Rochester, N. Y.) 


Hilger manufactures a large-aperture glass spectrograph in which 
two dense 55-deg prisms are used. The camera objective is 3.5 in. 
in diameter and is used at / 5.7. The spectrum from 8000 to 3500 A 
is 4 in. long and is photographed on a 3j- X 4|-in. plate. 

3.7. Quartz-Prism Spectrographs. Spectrographs containing 
quartz optical parts are widely used. These can be obtained in three 
standard sizes, the small and medium models covering the entire 
sj)ectral range with a single setting of the focusing adjustments. 

A small spectrograph covering the range 8000 to 1850 A, with a 
spectrum length of about 85 mm, as manufactured by Hilger, Stein- 
heil, Gaertner, and others, is illustrated in Fig. 3.9, where the Hilger 
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model is depicted. This type finds its greatest usefulness at wave¬ 
lengths shorter than 2500 A, where its relatively high light trans¬ 
mission aids in photography of a region somewhat difficult to record, 
since prism absorption and lack of plate sensitivity in this region 
conspire to reduce the density of spectrograms. The spectrograj)h 
(‘an be obtained fitted with a transparent wavelength scale. A 
fluorescent screen can be used to make the ultraviolet spectrum 
visible and thus aid in the preliminary focusing adjustments. 

Probably the most commonly used of all spectrograplis are the 
medium-sized quartz instruments, types of which are manufactured 
by several firms. The Bausch & Lornb instrument is shown in 



Fig. 3.11. Spectra and wavelength scale taken with medium quartz spectro¬ 
graph of the type illustrated in Fig. 3.10. ((’ourtesy Hausch & J.omb Optical 
Company, Rochester, N. Y.) 


Fig. 3.10. I.«enses of 600 mm focus and 51 mm diameter are used, 
giving a spectrum extending from 2100 to 8000 A which is about 
200 mm long. The prism, of the Cornu type, is 41 mm high by 65 mm 
length of face. A standard 4- X 10-in. photographic plate is used. 
This is the largest standard size of quartz instrument that will give 
the entire ultraviolet region in air at a single setting of the prism and 
camera. 

The medium quartz spectrograph can be obtained witli or without 
a transparent scale of wavelengths or frequencies. The variation of 
dispersion with wavelength is illustrated by the scale shown in Fig. 
3.11. When such a scale is purchased, care should be taken to see 
that each divl.sion is properly spaced, because some manufacturers 
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have used a uniform and hence incorrect spacing between correctly 
spaced 100-A divisions. 

Hilger also manufactures a spectrograph of this type which extends 
to 1850 A the range of the spectrum covered. In this case the 
quartz optical system gives the range 8700 to 1850 A in a spectrum 
2!25 mm long, whereas when the spectrum is photogra[)hed with a 
corresponding glass system it extends from beyond the red end of the 
visil)le to 8650 A. The quartz instrument is rather unusual in that 
the camera lens j)roduees an image field in which the residual curva¬ 
ture is reduced to a fraction of a millimeter, so that ordinary thick 
and rigid i)hotographie plates can be useil if desired. 
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Fig. 3.12. Spectrograms of two die-casting alloys taken with the quartz spec¬ 
trograph illustrated in Fig. 3.10. (Courtesy Rausch & Lomb Optical Conipanv 
Hochester, N. V.) 


Typical -spectrograms taken with the instrument depicted in 
Fig. 8.10 are .shown in Figs. 8.11 and 8.1'2. The ai)erture of the 
spectrograph is/ 12, which is sufficient to give .sati.sfactory exposures 
in a few seconds with most ordinary arc and spark sources. The 
resolution and dispersion in the ultraviolet are ample for use with 
simple emission spectra and for absorption spectroscopy of solutions. 

In purchasing any single-setting instrument, care should be taken 
to see that the manufacturer has mounted prisms and lenses with 
such rigidity that they will not readily get out of focus when once 
adjusted, and that the plateholder, if of wood, is constructed so that 
it will not warp. The slit should be of high quality, since very fine 
lines can be obtained with the resolving power available. It is of 
advantage to u.se 4- X lO-in. plates when possible, since this size is 
readily obtainable in almost all emulsions. Manufacturers should be 
asked to submit sample spectrograms taken on the instrument to 
be purchased. 

In (tases where higher dispersion is needed than is available from 
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the medium quartz instrument, recourse is usually had to the Idttrow 
type of mounting, in order to save space and improve rigidity. 

Some types of (juartz syiectrographs can he obtained with auxiliary 
glass optical f)arls, which render them more suitable for use in the 
visible. Though quartz is also transparent in this region, its dis[)er- 
sion is so low that quartz spectrographs are not especially useful at 
wavelengths longer than about ;>2()0 A, where the ordinary f)hoto- 
graphic plate becomes insensitive, and special plates must be used in 
any case. 

3.8. The Littrow Mounting. 'Phe device of autocollimation de¬ 
veloped by Littrow is widely used with both prisms and plane gratings 
in spectrographs designed to give high lin(‘ar dispersion with a camera 
lens of long focus. The principle of the method is illustrated in 



Fig. 3.13. Diagram of the optical system of a Littrow spectrograph. 
The lens has been reversed to reduce scattered light. 


Fig. 8.18. The beam of radiation diverging from the slit is made 
parallel by the collimator lens and enters the dispersing system, which 
in this case is a 80-deg prism mirror-coated on its back face. The 
radiation is reflected from this, pa.sses back through the prism, and 
retraverses the collimator, which behaves now as a camera lens and 
brings the spectrum to a focus. Special advantages accrue when 
quartz is used, for the passage through the 80-deg prism in the reverse 
direction compensates for any optical rotation produced in the initial 
passage, and crystalline quartz of a single type will suffice. 

Two inherent defects keep the Littrow mounting from replacing 
other types of prism mounting to the extent that its simplicity and 
rigidity would lead one to expect. The proximity of slit and plate- 
holder requires the introduction of a reflecting prism or other device 
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to separate tlie ineorning and outgoing beams, and the reflection and 
scattering of light from the front face of the collimator directly back 
to the photographic plate is liable to cause o})jectionable fogging that 
is hard to (*liminate. This false light can often be thrown off the 
plate by tij)ping the lens slightly, thus introducing a certain amount 
of astigmatism, or much of it can be trapped by introducing stops and 
diaphragms at strategic points. In any ev^ent the inside of the case 
surrounding a Littrow mount should be thoroughly blackened, and 
numerous baffles should he used to cut down stray light. 


'1 



Fig. 3.14. Large quartz spectrograph of the Littrow tj^e. 
(Courtesy Adam Ililger, Ltd., London.) 


A widely used type of Littrow instrument having quartz optical 
parts, made by several manufacturers, is shown in Fig. 3.14, where 
the Hilger E492 model is illustrated. The lens and prism system of 
a corresponding model by Bausch & Lomb is shown in Fig. 3.15. The 
length of the case is slightly more than 6 ft, but since the optical 
system may be considered as having been folded together in the 
middle by use of the autocollirnation principle, the dispersion is 
equivalent to that of an instrument of the ordinary type almost twice 
as long. 

The quartz prism and lens are mounted on a carriage that moves 
along a slide, their position on this being determined by means of a 
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scale and index. The prism can be rotated to throw various regions 
of the spectrum on th<;^ 4- X 10-in. plate. The plateholder can he 
rotated to bring it into coincidence with the focal curve for any spec¬ 
tral region between 2000 and 8000 A. In the model illustrated, all 
necessary adjustments for any spectral region can be carried out from 
the operator’s position at the slit end of the instrument. 

Sp(‘ctrographs of this type are found highly satisfactory in analytical 
work for which the dispersion of the me<lium-size quartz spectrograph 
is not sufficiently great. In the region 2500 to 2000 A, the linear 



Fig. 3.15. Lens and prism system of large Littrow quartz spectrograph. 
(Courtesy Hausch & liOmh Optical Company. Rochester, N. Y.) 


dispersion given by a large Littrow instrument is as great as that of 
a large concave-grating spectrograph (see Table 2.1). 

Glass optical parts can be obtained to fit the standard large Littrow 
spectrographs. With glass parts in the Hilger model the spectrum 
from 9000 to 4000 A is about 84 cm long, and can be photographed in 
two settings on 4- X 10-in. plates. 

Hilger manufactures a very large glass-prism Littrow spectrogiaph, 
working at aperture / 7, which contains one 60-deg and one 80-deg 
prism. These prisms are 6 in. on a side and 4.6 in. high. A 5-in.- 
diameter camera objective is used, the spectrum from 3850 to 8000 A 
being 9 in. long so that it can be photographed in one exposure on a 
4- X 10-in. plate. The lens has been figured to reduce astigmatism 
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to a negligible amount over a 10-in. region. In order to retain the 
advantages of glass and yet to extend to shorter wavelengths the 
range of the spectrum covered, ultraviolet transmitting glass is some¬ 
times used in this model, extending its transparency to 2900 A. This 
type of glass is especially useful in astronomical work, where the 
aiinosfdiere absorbs wavelengths shorter tlnan 2900 A. A glass that 
will transmit down to this limit is as satisfax^tory as the more expensive 
quartz and is more dispersive in this region. 

A small Littrow spectrograph has been developed by Bausch & 
Lomb to obtain moderate dispersion in the ultraviolet at relatively 
low cost. This instrument has an o[)tical system of crystalline 
<piartz and covers the range 2100 to 7000 A, giving a 150-mm spectrum 
on a 5- X 7-in. plate. Four standard fixed slits are provided, ranging 
from 0.002 to 0.02 mm width, each cut on a j)rotected metallic coating 
<le])osited on a single quartz slide. Tlu‘ manufacturers point out 


Photographic 

plate 



Fig. 3.16. Diagram of Fery spectrograph. 


that this tyfie of slit, though inexpensive, has the advantage of 
mechanical stability, parallelism of edges, and ease of cleaning, since 
the exposed quartz side can be readily wiped with a cloth. 

Other applications of the Littrow mounting are described in § 3.11, 
where certain instruments having interchangeable optical parts are 
discussed. 

3.9. The Fery Spectrograph, An ingenious appli(!ation of the 
autocollimation principle was made by Fery, who designed a single 
quartz optical unit that combines the properties of prism, mirror, and 
lenses. The front face of the prism is usually a cylindrical surface 
with axis vertical, so figured that diverging rays from the slit all strike 
it at the proper angle for minimum deviation. The rear surface, also 
a vertical cylinder, is backed by a metallic coating chosen to give high 
reflection in the ultraviolet. The spectrum is brought into horizontal 
focus on a surface of fairly great curvature, as shown in Fig. 3.16. 
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The Fery spectrograph presents its greatest advantage in the far 
ultraviolet, where loss of light is minimized by the small number of 
air-quartz surfaces and the small thickness of optical material used. 
These virtues are to some extent offset by the high degree of astig¬ 
matism involved, since the light is not focused at all in the vertical 
direction. Each point on the slit is spread out in the spectrum into 
a line ^ in. or more in height. No provision need be made for moving 
the plateholder up and down, since various spectrograms ean be taken 



by means of a diaphragm that moves vertically in front of the plate, 
covering all of each spectrum line except a region of the desired height. 
The astigmatism produces very straight and even lines, so that Fery 
spectrograms are usually of excellent appearance. The instrument is 
compact and readily portable. 

3.10, The Gaertner Large Quartz Spectrograph. Gaertner has 
introduced a large quartz-prism spectrograph designed to eliminate 
the disadvantages of the Littrow mounting while retaining its com¬ 
pactness. In this instrument no attempt is made to use a single lens 
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for l)oth collimating and camera lenses, but the length of the instru- 
nient is cut in half by the introduction of a large first-surface mirror. 
In addition, the right-angle prism just behind the slit has been 
(‘lirninated. In this way it has been found possible to reduce greatly 
the scattered and stray light customarily found with the Littrow 
mounting. 

A view of the instrument is shown in Fig. S.17, and Fig. 3.18 shows 
its optical system. The light entering the slit falls directly on a col¬ 
limator lens and passes through a (piartz prism, after which it is 
focused by a camera lens in the usual manner. After leaving this lens 



Fig. 3.18. Optical arrangement of spectrograph illustrated in Fig. 3.17. 
((\jiirtesy (iaertner Scientific* Corp., (’hicagcj.) 


the light path is reversed by a plane first-surface mirror so that the 
camera can be placed immediately beside the slit. This arrangement 
gives the advantage possessed by the Littrow mounting of bringing 
all adjustment controls to one end of the spectrograph. 

The plateholder will take a 14-in. plate which at the dispersion used 
will cover the spectrum from 2500 to 5900 A with a single exposure. 
A handwheel control adjusts the wavelength region, and brings the 
lenses to the proper positions and the plateholder to the proper tilt, 
giving accurate focus of any part of the spectrum from 2000 to 8000 A. 
An arrangement is provided whereby the wavelength at the center of 
the plate and the wavelengths at each end are projected on a large 
ground-glass screen on top of the spectrograph, where they can 
readily be observed. 






Fig. 3,19, Quartz monochromator employing a Cornu prism in a Wads¬ 
worth mounting. (Courtesy Gaertner Scientific Corp., Chicago.) 


and a plane grating (§ 4.1), a Fery prism (§ 3.9), or a concave grating 
(§ 4.6). 

Hilger manufactures an interchangeable mounting of the lattrow 
type that can be obtained fitted with glass or quartz lenscvs of 100, 
150, or 300 cm focal length. Behind the lens can be placed a single 
30-deg reflecting prism, a combination of one of these with a single 
60-deg prism, or a plane grating. Alternatively, a concave grating 
can be used without the lens, forming an Eagle mounting of the type 
discussed in § 4.6. The design of this line of instruments has been 
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standardized to ensure interchangeability of the optical systems. 
Plates 4 X 10 in. in size are used, and two models are made—one in 
which all parts are adjusted by hand, the other in which automatic 
adjustments are provided. The Bausch & Lomb large Littrow instru¬ 
ment with interchangeable optical parts is also provided with auto¬ 
matic focusing for predetermined regions of the spectrum. 


Intermediate 

slit 



Fig. 3.20. The optical system of the van Cittert zero dispersion monochrom¬ 
ator. The position and width of the intermediate slit determine the spectral 
range transmitted by the instrument. The dash lines show that the first 
camera lens is imaged on the second collimator lens. 

3.12. Prism Monochromators. For use in the visible region, 
almost any constant-deviation spectroscope can be converted into a 
monochromator, if an exit slit is substituted for the eyepiece. For 
the ultraviolet r(‘gion a constant-deviation method due to Wadsworth^ 
is frequently used, in which a Cornu prism and reflecting mirror are 



Fig. 3.21. Young-Thollon arrangement of two 30-deg dispersing prisms 

with lenses. 

rotated to vary the spectral band emerging through the exit slit. The 
optical system of this device is shown in Fig. 3.5b, and a quartz 
monochromator employing the principle is illustrated in Fig. 3.19. 

Since uncorrected quartz lenses have strong chromatic aberration, 
it is necessary in ultraviolet instruments to refocus the collimating 
and focusing lenses for each new wavelength region, as well as to turn 


^ F. L. O, Wadsworth, Af^trophps. Jotir., 1, ^.S'2 (1895). 
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the prism table. Infrared monoehroniators (Cliapter 17) use mirrors 
instead of lenses and thus eliminate the need for refocusing. A 
monochromator principle which is very effective for use in that region 
involves a single mirror which serves as both collimator and focusing 
element. Parallel light from the collimator traverses the prism in 
one direction, and then is reflected by a plane mirror (or a backed 
80-deg prism) again through the prism to be focused on the exit slit 
by the original collimating mirror. Improved surfaces for ultraviolet 
reflection are making possible the utilization of this sim[)le system 
in the visible and ultraviolet regions, but scattered light must be 



Fig. 3.22. Monochromator employing Young-Thollon prism arrangement and 
achromatic collimator and telescope lenses. (Courtesy Furrund Optical C'om- 
pany. New York.) 

reduced by other means when this mirror analogue of the Littrow 
mounting is used. 

On account of the frequent importance of reducing scattered light 
to a minimum, double monochromators of various types have l)een 
designed, of which outstanding models are those of van Cittert,^ 
manufactured by Kipp and Zonen, and of Muller, manufactured by 
Ililger. A diagram of the optical system of the former is shown in 
Fig. 3.20. Several sizes of ultraviolet monochromators that use 
quartz-lithium fluoride achromatic lenses and double prisms of the 
Young-Thollon type (Fig. 3.21) are manufactured by the Farrand 
Optical Company. These instruments, one of which is illustrated in 
Fig. 3.22, may also be obtained with glass o[)tics for the visible region. 

Grating monochromators are discussed in §4.11. 


^ P. H. van Cittert, Rev. d'Optique, 5, 393 (1926); Pliydcay 3, 181 (1923). 


CHAPTER 4 


DifTraciiori-Gratiiig Spectrographs 


A GENERAL GOMPAUISON OF PRISM AND GRATING SPECTROGRAPHS 
was made in Cliaj^ter 2. Tlie present chapter deals with the methods 
of mounting diffraction gratings that have been found most useful 
and with descriptions of commercial grating spectrographs. 

The advantages of the diffraction-grating spectrograph over the 
prism instrument miiy again he summarized as follows: broader 
spectral coverage, greater available tlispersion and resolving power 
per unit cost, greater uniformity of dispersion, greater light trans¬ 
mission in certain cases, and the possibility of greater freedom from 
scattered light. The relative disadvantages arc greater astigmatism 
(except as discussed below); more rapid deterioration with age; and 
until the late 1940’s, comparative scarcity. Costs of the two types 
of instruments are not greatly dissimilar. 

Large gratings of long focal distance are used mainly in physics 
research laboratories. Such gratings involve mountings that may be 
from to 35 ft long, filling an entire room, and under these circum¬ 
stances the various parts of the spectrograph are usually mounted 
separately. Most commercial grating spectrographs, on the other 
hand, are small or medium-sized instruments ranging in length from 
3 to 17 ft, which are built to be hamlled as a single unit. 

Small diffraction gratings are tested and guaranteed by the spec¬ 
trograph manufaeturer, but large gratings must usually be obtained 
directly from laboratories that operate ruling engines. Although 
gratings are commonly sold on a guarantee basis, the user should be 
prepared to test them. Methods for the selection and testing of 
diffraction gratings are discussed in § 5.3. 

4.1, Plane-Grating Spectrographs. Transmission gratings, as dis^ 
cussed in § 2.5, are seldom used in any but small spectrometers and 
in instruments for student use. Most instruments in which plane 
gratings are used for the general purposes of spectroscopy contain 
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gratings of the reflection type and are ordinarily used in a Littrow 
mounting similar to that of the autocollimation prism spectrograph 
(§ 3.8). A typical mounting of a plane diffraction grating is shown 
in Fig. 4.1. 

Several large i)lane-grating instalhat ions are in existence, the largest 
being probably an autocollirnating instrument at Mount Wilson 
Observatory, which has a focal length of 75 ft. Plane gratings having 
8 in. of ruling and giving nearly theoretical resolving power in the 
second or third orders have been produced occasionally. 

A grating so mounted is somewhat similar in its behavior to a 
concave grating in the Eagle mounting (§ 4.()). It has the advantage 
over the latter that it gives stigmatic images over the narrow spectral 
range ordinarily used at any one setting, with a resulting gain in 
brightness and resolution in the higher orders. To change from one 



Fig. 4.1. Diagram of a Littrow moimting of a plane diffraction grating. slit; 
M, reflecting mirror or prism; L, collimator and telescope lens; G, grating; 
ABf spectrum. 

spectral region to another with such a spectrograph, it is necessary to 
rotate the grating, refocus the lens, L of Fig. 4.1, and rotate the 
plateholder so that it will lie in the focal curve determined by the 
color correction of the lens. A lens carefully corrected for chromatic 
aberration is required if the plane grating is to be used in orders higher 
than the first; otherwise, lines of overlapping orders will not be 
brought to a focus on the same curve. 

The lens used should have the same aperture as the grating. Since 
chromatically corrected lenses of large sizes have in the past been 
obtainable only of glass, plane-grating spectrographs have ordinarily 
)een used only for the visible region and the near ultraviolet and 
;nfrared. If a large quartz lens is available, even without color 
correction, the ultraviolet first order can be used, but special arrange¬ 
ments must be made to throw out the overlapping second order at 
wavelengths longer than 4000 A. A right-angle prism must be used 
behind the slit to separate slit from plateholder, except in instruments 
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of very long focal length, where the two can be separated without 
introducing a large angle of incidence that would increase astigmatism 
and coma. 

A mirror can be used for collimating the light on a plane grating, 
and this type of mounting is found es])ecially effective with mono- 
clirornators. It is discussed further in §4.11, and for the infrared 
in ("hapter 17. 

4.2. The Rowland Concave Grating. One of the most important 
advances in the history of spectroscopy occurred in 1882, when 
Rowland ^ showed that a sf)lierical concave mirror, ruled with parallel 
lines equally spaced along the chord of its arc, will produce spectrum 
lines in sharp focus on a ciicle whose diameter is equal to the radius 
of curvature of the mirror. This “Rowland circle" is shown in 
Fig. 4.2. Eliminating the need for 
any transparent materials as it does, 
the concave grating lias become one 
of the most powerful tools of spectro¬ 
scopy. It can be made to provide 
greater dispersion and resolution than 
are obtainable with prisms and can 
be used at any wavelengths for which 
its rulings are properly spaced. A 
single grating has been used to cover 
the range from 100 to 11,000 A. 

In the ruling of concave gratings, 
spacings of approximately 7,500, 

10,000, 15,000, 25,000, or 30,000 lines 
per inch are commonly used. Certain 
of the larg(\st concave gratings thus 
far successfully ruled, the so-called 
“seven-inch” gratings, contain about 180,000 lines on a ruled area 
about 15 X 5 cm. In the higher orders, resolving powers of 
400,000 have been attained on occasion. The maximum useful radius 
of curvature of a “seven-inch” grating for photographic purposes is 
about 10 meters, as may be demonstrated by calculating the plate 
factor required to match the resolving power of a grating to that of 
the photographic emulsions commonly used with it. Emulsions of 
suitable speed for large grating spectrographs arc capable of re¬ 
solving about 30 lines mm (§ 7.5). The resolving power of an 

‘ H. A. Rowland, Phil Mag.. 13, 409 (1882); 16, 197, 210 (1883). 


G 



Fig. 4.2. Diagram of the 
Rowland circle. .S', slit; G, 
grating; A B. spectrum; R/2. 
radius of Rowland circle; R, 
radius of curvature of grating. 
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excellent grating with 6 in. of ruling is not likely to be greater than 
800,000 (§ 2.5). At wavelength 5000 A, substituting in the formula 
Pr = \/d\y we obtain d\ = 0.016 A. If this spectral range is to 
cover not more than 0.088 mm of emulsion, a plate factor of 0.5 A mm 
is required. This would be obtained in the third order of a 15,000- 
line-per-inch grating of 10-meter radius (§ 2.5). 

A concave grating is somewhat more difficult to rule than a plane 
grating of equal size and spacing, and in general the longer the radius 
of curvature, the easier it is to produce a good grating. Standard 
radii of curvature are approximately 1, 2, and 8 meters, 10, 15, and 
21 ft, and 10 meters. The actual radius obtained may vary as much 
as zb5 per cent from the value ordered; hence it is usually wise to 
build a spectrograph with ample flexibility of adjustment. 

Up to about 1982, most concave gratings designed for use in the 
visible and ultraviolet regions were ruled on speculum rneial, which 
has moderately high reflecting power in the visible region but much 
less at shorter wavelengths, reaching a low of 10 per cent or less at 
normal incidence in the extreme ultraviohd. R. W. Wood has ruled 
concave gratings on glass for the vacuum region, and many experi¬ 
ments have been made on coating these with evaporated or sputtered 
metals to increase their reflecting power.- The most satisfactory 
gratings at present are those ruled on an aluminum surface that has 
been evaporated on glass. The only (|uestion in regard to these is 
that of permanence—any damage to the aluminum surface may 
damage the rulings irreparably. For this reason, experiments have 
been conducted with a new technicjue of ruling the grating on a gold- 
on-chromiura surface evaporated on glass, which is then coated with 
evaporated aluminum.^ 

Concave gratings can sometimes be obtained from university and 
other laboratories which operate ruling engines. The physics depart' 
ment of the Johns Hopkins University has in the past supplied many 
gratings. Gratings are being increasingly supplied mounted in 
spectrographs by the firms listed on page 50 as dealing in grating 
equipment. 

In mounting a concave grating the slit may be placed anywhere on 
the Rowland circle. The location chosen will depend on the type of 
work to be done. The resulting positions of the various orders and 
wavelengths can be quickly determined by drawing a diagram like 

* J. Strong, Astrophys. Jour., 83, 401 (1936). 

® J. Strong, unpublished communication. 



§4.2 DIFFRACTION GRATING SPECTROGRAPHS 75 

Fig. 4.3, after Beutler,^ which shows the distribution of wavelengths 
for various positions of the slit as calculated from the formula of § 2.5, 

X = (sin i d= sin 6) 
m!S 

where the symbols have the meanings given there. 

The five mountings of concave gratings most commonly used are 
described in succeeding sections. In selecting a mounting, one should 

Diffracted wave-lengfhs by a 30p00 line/inch grating in firs! order 



-40 -3cr -20 -icr cr lo 2or 30 4o so 60 tct eo 90 

Angle of diffroction 

Fig. 4.3. Angles of incidence and diffraction for various wavelengths for a 
30,000-line-per-inch diffraction grating. (From H. (i. by pcnuissiou 

Jour. Opt. Soc. Am.) 


consider the grating orders to be used, the wavelength range to be 
covered, the degree of astigmatism that can be tolerated,'" the bright¬ 
ness of the resulting spectra, the freedom from spurious lines (which 
may depend on angle), and the departure from uniform dispersion 
(smallest on the normal). In general, the most satisfactory spectra 
are obtained in the direction of the normal to the grating. 

A large concave grating should be mounted only in a room that 
can be kept clean and dry. The inside of the room is itself the 
camera and must be kept dark during an exposure. The former 
custom was to paint the inside of a grating-room black, but modern 


^ H. G. Beutler, Jour. Opt, Soc. Am.,, 35, 318 (1945). 
6 G. H. Dieke, Jovr. Opt. Soc. Am., 23, 274 (1933). 
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practice inclines toward light colors for the ceiling and walls, with 
a black strip extending up perhaps 5 ft from the floor. All developing 
work should be carried out in a separate room from that in which the 
grating is mounted. F^xcessive vibration of a large-grating mounting 
will of course make it impossible to obtain sharp spectrum lines even 
with short exposures, and with long exposures it is also necessary to 
guard against temperature changes of the grating itself. As the 
grating expands, the distance between its rulings increases and the 
dispersion correspondingly decreases, so the relative positions of the 
^ lines in the spectrum are shift¬ 

ed. For this n^ason most 
rooms containing large grat¬ 
ings are thermostated, and the 
temperature is held constant 
to 0.1 or better. To test 
whether the constancy of tem¬ 
perature is sufficient in any 
given case, three brief super¬ 
posed exposures may be taken 
at 10-hour intervals; if the re¬ 
sulting spectrum lines are as 
sharp as those taken in a single 
equivalent exposure, no loss of 
resolution from this cause is 
to be expected in a 20-hour 
exposure to weak light. 

A convenient height above 
the floor should be chosen for 
the plane containing the slit, 
grating, and focal curve. Forty- 
six inches is a standard value that gives suitable clearances for mount¬ 
ing optical benches and similar parts on ordinary tables. Slit, grating, 
and plate carriers should all be based on heavy concrete or brick piers 
resting on a solid foundation. Wherever any part passes through a 
wall, sufficient clearance should be provided around it to ensure 
against vibrations being communicated to any member involved 
in the optical system. 

Beutler® has given a very thorough discussion of the theory of the 



Fig. 4.4. Rowland mounting. S, slit; 

62 , 63 . various positions of grating along 
bar 01'; AU = R where R = radius of 
grating; 7i], R 2 , Ih, various intercepts of 
grating-normal bar with bar OX. 


* II. G. Beutler, Jonr. Opf. Sor. Am.y 35, 311 (1945). 
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concave grating and has prepared many charts that show at a glance 
its properties in various mountings. His paper should be consulted 
by anyone contemplating the construction of a grating spectrograph. 

4.3. The Rowland Mounting. The classical mounting for the 
concave grating, used less nowadays than formerly, is that originally 
described by Rowland ^ and illustrated in Fig. 4.4. The plateholder 
and grating are rigidly mounted at opposite ends of a stiff beam 
whose ends are held on carriages that run on tracks placed at right 
angles to one another. The slit is placed at the junction of these 
two tracks, and the light passing through it falls on the grating and 
is spread by this around the Rowland circle. Only that portion of 
the sj)ectruin is used which falls on a plateholder placed at the normal 
to the grating. This arrangement 
gives a spectrum of almost uniform 
dispersion, a property of great 
advantage when wavelength meas¬ 
urements are to be made in terms of 
only a few standard lines. Nowa¬ 
days, however, so many standards 
of wavelength are accurately known 
1 hat wavelength interpolations need 
be made over only short distances, 
and a normal spectrum is not so 
necessary as it once was. 

The disadvantages of the Row¬ 
land mounting are that only a 
limited region of the spectrum can 
be photographed at one setting; 
that it has a high degree of astigma¬ 
tism, so that much intensity may 
be lost, especially in the higher 
orders; and that the highest orders 
of the grating cannot be reached. Also, the mounting is somewhat 
cumbersome, and the fact that the grating and plateholder both move 
is a disadvantage. The Rowland mounting can be used most satis¬ 
factorily with gratings relatively free from error of run; if this is 
present, the focal curve tends to depart from the expected circle. 

In order to secure good temperature control, necessary for research 


G 



Fig. 4.5. Optical systtjm of mod¬ 
ified Abney mounting illustrated in 
Fig. 4.6. R, Rowland circle; Si 
and S 2 y fixed slits so placed that 
either of two different regions of the 
spectrum may be photographed by 
illuminating the appropriate slit; 
P, plateholder; C, light-tight case. 


' H. A. Rowland, Phil, Mag., 16, 1^7, 210 (1883). 
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purposes, the Rowland iiionnting is sometimes arran^?ed vertically, 
the grating being placed at the bottom of a pit, and the end of the arm 
that carries the plateholder moving on a horizontal track at the floor 
level. This mounting results in saving of spact^ but has disadvan¬ 
tages, sucli as a horizontal slit and a vertical illuminating beam; 
also, the grating, lying face up near the bottom of the pit, is liable to 
injury from falling objects and to coating with dust, and is rather 
inaccessible. The chief advantage li(‘s in the constancy of tem])era- 
ture obtainable at the bottom of a deep pit. 

4.4. The Abney Mounting. This mounting,^ shown in Fig. 4.5, is 


1 



Fig. 4.6. Commercial spectrograph employing a 1.5-meter concave grating in 
a modified Abney mounting. (Courtesy Applied Reseiirch Laboratories, Pasa¬ 
dena, ('alif.) 


a variant of the Rowland mounting but has the property that both 
grating and plateholder are kept stationary while the slit is moved 
when different regions of the spectrum are to be photographed. The 
Abney mounting has never come into wide use with large gratings 
because of the diflSculty of moving the source, condensing lenses, and 
other external equipment to keep pace with the slit whenever the slit 
is moved, so that a different spectrum region will be thrown onto the 
plate. It is more convenient to have a number of slits for one 
instrument, from two to ten sometimes being provided. This is 
practicable because the same fairly long plateholder, capable c 
photographing several feet of spectrum at one time, can be useo 
for all slits. 


* W. de W. Abney, Phil. Trans.y 177, 11, 457 (1886). 
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A commercial form of the Abney mounting, widely used for spec- 
trographic analysis of materials, is the instrument manufactured by 
the Applicnl Research Laboratories and shown in Fig. 4.6. This 
mounting uses a small grating having a ruled width of about 2 in. and 
height of about 1 in., with 150 cm radius of curvature and 24,000 lines 
per inch. This combination results in a plate factor in the first order 
of about 6 A mm. Two slit positions are provided, each covering a 
spectral range of about 2200 A in the first order, so that the spectrum 
from 2180 to 6570 A can be photographed in two exposures. 

Because of the high degree of curvature of so small a Rowland circle, 
film is used instead of plates for photographing the spectrum. A 
convenient holder is provided so 
that motion-picture film of standard 
85-mm width can l)e used. Special 
equif)ment is furnished for use with 
the instrument to simplify the pro¬ 
cedures of handling, developing, and 
drying film. 

The Abney mounting suffers from 
the same limitations of bulk and 
astigmatism as the Rowland mount¬ 
ing. 

4.5, The Paschen-Runge Mount¬ 
ing. The mounting most com¬ 
monly used at present for large 
concave gratings of the research Range mounting of the concave 
type is tiiat originally described by 
Paschen and Runge.® It has the 

great advantage that slit, grating, and plateholder are all fixed, so that 
all parts of the spectrum are in focus at all times and its entire extent 
can be photographed with a single exposure on many plates. The 
mounting can be arranged so that almost the complete Rowland 
circle is available, or the entire spectrum can be covered by using one 
or more orders on only one side. A diagram of a typical arrangement 
of the Paschen-Runge mounting is shown in Fig. 4.7. Figure 4.8 

produces a photograph of a portion of a 10-meter Paschen-Runge 
mounting in the Spectroscopy Laboratory of the Massachusetts 
Institute of Technology. 



^ C. R. Rimge and F. Paschen, Ahh, d, K. Akad. d. Wiss. z. Berlin^ Anhang 1 (1902) 
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One of the first problems in setting up a grating in the Paschen- 
Runge mounting is the angle of incidence to be chosen for its illumina¬ 
tion. Although the whole circle may be available, the region at the 
normal to the grating is the most valuable because there are found 



Fig. 4.8. Paschen-Runge mounting in the M.I.T. Spectroscopy 
Laboratory. 


the most uniform dispersion, the least astigmatism (for a chosen 
angle of incidence, but not the least attainable—see Fig. 4.18, page 91), 
and in some cases the highest resolving power. The slit is placed on 
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the normal only when it is necessary to obtain the low orders on both 
sides of the grating, as for certain types of intensity measurements. 
Wliere higher orders are to be used, illumination at 12- to 60-deg 
incidence is common. 

It is not unusual to provide Paschen-Runge mountings with two 
slits, one placed for illumination at about 13 deg and the other at 
40 deg. The small angle of incidence is used when low orders are to 
be studied, and the large angle for higher orders. The two slits give 
the added advantage of providing space for two complete source 
setups; thus cumbersome apparatus for the Zeeman effect, for 
example, can be left in place at one slit while the other is available 
for general use. 

Where the main use of a Paschen-Runge mounting is to be in 
making wavelength measurements, a fixed track is usiially provided 


To grating 
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Fig. 4.9. Detail of plateholder track for Paschen-Runge mounting in 
the M.I.T. Spectroscopy Laboratory. 


to hold a series of plates bent to the Rowland circle. One method of 
holding plates on such a track is shown in Fig. 4.9, the long (2- X 20- 
in.) plates being clipped with their emulsion side against the back of 
the track, to avoid any displacement due to varying glass thickness. 
The posts holding the track are usually bolted to heavy slabs of 
Alberene stone or slate mounted on concrete piers to give great 
rigidity and are arranged so as to permit a certain amount of adjust¬ 
ment for focusing before being finally bolted in place. 

For routine photography of selected spectral regions, and for 
intensity work where a number of spectra are to be photographed on 
the same plate, it is desirable to provide cassettes (Fig. 4.10) that 
slide along a horizontal track following the Rowland circle and carry 
plateholders taking 4- X 10-in. or similar plates. Both types of track 
are visible in Fig. 4.8. Each has the spectrum brought into proper 
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Cassette 



Sleeper Sleeper 

Fig. 4.10. Detail of cassette for Paschen-Runge mounting in 
the M.I.T. Spectroscopy Laboratory. 



Fig. 4.11. Small Paschen-Runge spectrograph employing a concave grating 
replica. (Courtesy Central Scientific Company, Chicago.) 
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focus on it when its own slit is used. Calculations indicate that by 
properly displacing the slit the focal curve of a 10-meter grating may 
be caused to depart as much as a foot from the Rowland circle without 
introducing objectionable aberrations. 

A small model of the Paschen-Ilunge mounting appears in com¬ 
mercial form in the Cenco grating spectrograph produced by the 



Fig. 4.12. Spectrogram of a copper arc in the region 5400-4400 A, taken with 
the Cenco grating spectrograph. 


(kmtral Scientific Company (Fig. 4.11). A replica grating having a 
ruled surface about 1 in. .square with a radius of curvature of about 
1 meter produces a spectrum covering the range 2300 to 8000 A in 
one setting. The cmtire spectrum is covered with a plate factor of 
16 A/mm on a film 10 in. long, so the in.strument can be kept in 

permanent adjustment. A section of a 
spectrogram taken with this spectro¬ 
graph is shown in Fig. 4.12. 

4.6. The Eagle Mounting. A mount¬ 
ing des(!ril)ed in detail by Eagle^® but 
used long before in vacuum spectro¬ 
graphs^^ is not only economical of space 
but also keeps astigmatism as low as 
is possible without increasing the 
complexity of the optical system, and 
simplifies the control of the grating 
temperature. The Eagle mounting is 
illustrated in Fig. 4.13. This mounting 
occupies a long narrow space, a charac¬ 
teristic that led to its extensive use in 
vacuum spectrographs of the normal-in- 
' cidence type in the manner originated by 

Lyman. Higher orders can be reached than in the Rowland Mounting 
and the astigmatism is less. In changing from one wavelength range to 



Fig. 4.13. Eagle mounting 
of the concave grating. R, 

Rowland circle; »S, slit; r, re¬ 
flecting prism; G, concave 
grating; R, plate; C, light¬ 
tight case. 


A. Eagle, Astrophys. Jour., 31, 120 (1910). 

T. Lyman, Spectroscopy of the Extreme Ultraviolet. New York: Longmans, Green 
and Company, 1928. 
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another, it is necessary to turn the grating, change its distance from 
the plate, and rotate tl>e plateholder. The Eagle mounting of the 
concave grating is similar to the Lit trow mounting of the plane 
grating, hut it is superior in that no lens is needed, so that it can be 
used in all spectral regions. It does not suffer greatly from th(‘ 
Littrow’s defect of scattering light directly back onto the photo- 


.’ ■ 



Fig. 4.14. Optical bench and plateholder end of commercial Eagle spectro¬ 
graph, showing power unit for arc and spark sources. (Courtesy Baird Asso¬ 
ciates, Cambridge, Mass.) 


graphic plate. It has the disadvantage of not being as stigmatic as 
the Littrow. 

The Eagle mounting is used in a commercial instrument manu¬ 
factured by the Baird Associates, shown in Fig. 4.14. In the standard 
model a grating with 4 in. of ruling, having 15,000 lines to the inch 
and a 3-metcr radius of curvature, is used, which gives 5.2 A/mm 
plate factor in the first order. The spectrum from 2000 to 10,000 A 
can be covered in several orders in a series of exposures, with a range 
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of 1200 A recorded at one exposure in the first order. The three neces¬ 
sary focusing adjustments are controlled by electric motors oi)erated 
by [)ush buttons, and it is a matter of but a few moments to bring 
the spectrograph to focus in a new spectral region. One motor drives 
the screw that moves the grating forward or backward on stainless 
steel ways, a second motor turns the grating to the proper angle, and 
a third racks the plateholder. All adjustments are controlled from 
the front panel, and automatic end stops are provided. Each motion 
is controlled by two switches, one of which provides high-speed 
adjustment forward and reverse, and the other a one-tenth-speed 
motion for accurate setting. Revolution counters are connected 
through flexible (.‘able to the part controlled so that accurate setting 
is easy. Sufficient travel is provided to allow the red of the fouri h 
(u-der to be covered, in which onh^r the ])lale faet()r is 0.4 A rnin. 
The gratings used have a high concentration of visibh' light in [’ ■ 
first order and are sometimes even faster than prism instruments. 
Four- by ten-inch plates or films can be used, but the plateholder 
is arranged to hold any plate 10 in. long and narrower than 4 in. 
Models of shorter focus, having correspondingly greater compactness 
and less dispersion, are also manufactured by the Baird Associates. 


ANOULAR MANCt AS COVCRCO BY DirfCRCNT MOUNTiMOS 



Fig. 4.15. Angular ranges of various grating mountings. (From H. G. 

Beutler,^ by permission Jour. Opt. Soc. Am.) 

Figure 4.15, after Beutler,^^ shows the angular range covered by the 
various grating mountings. 

4.7. The Wadsworth Stigmatic Mounting. A disadvantage for 
many purposes of all mountings of the concave grating previously 
discussed is that they are astigmatic to a greater or less degree (see 

“ H, G. Beutler. Jour, Opt, Soc, Am,, 35, 318 (1935). 
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§ 4.9). Wadsworth^^ noted that this astigmatism might be elim¬ 
inated, at least over any desired short n^gion of the spectrum, by 
making use of the fact that if a grating is illuminated with a beam of 
parallel light, a normal stigmatic spectrum is produced at the normal 

to the grating. The disj^ersion is then 
cut in half, however, since at the normal 
the new focal curve lies halfway out to the 
Rowland circle. Various workers used a 
large convex lens to make parallel the light 
on the grating, and Meggers and Burns^'^ 
originated a mounting of this ty|)(' in 
which a concave mirror is used. The loss 
in light from the extra reflection is more 
than compensated by the increased angu¬ 
lar aperture of the system and by the 
elimination of astigmatism. 

A Wadsworth mounting of the Meggers- 
Burns type is illustrated in Fig. 4.16. 
Grating and plateholder are connected by 
a rigid bar, but provision must be made 
for adjustment of their distance apart, 
since the focal curve is a parabola. The 
grating turns with the bar so that the 
plateholder is always on its normal, whereas the slit and concave 
mirror remain fixed. The curvature of the plate must be changed 
slightly from one region of the spectrum to another. Though 
truly stigmatic images are obtained only on the normal, for practical 
purposes a range of many hundred angstroms can be arranged for use 
at one setting. In general, a length of spectrum equal to about 
one-sixth of the distance from plateholder to grating will bo found 
in sufficiently stigmatic focus to permit use of a rotating-sector disk 
or other photometric device at the slit. 

When designing a Wadsworth mounting one should select a grating 
that does not have more than 15,000 or 20,000 lines per inch. In the 
formula for wavelength position, 

A . . 

m\ = ^ (sin t zh sin 6) 



Fig, 4.16. Wadsworth 
mounting of the concave 
grating. *S\ slit; M, concave 
mirror; 0, concave grating; 
P, plateholder; R, bar along 
which plateholder slides; 0, 
axis of rotation of grating and 
of bar E; C, light-tight case. 


F. L. O. Wadsworth, AHrophys. Jour.y 3, 54 (1896). 

W. F. Meggers and K. Burns, Bur. Standards Set. Paper 411, 18, 185 (1922). 
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$ is always close to 0 deg for the Wadsworth mounting, so the formula 
reduces to 


Thus it will be seen that with a 30,000-line-per-inch grating the longest 
wavelength that can be reached at any reasonable angle of incidence i 
(not over 45 deg) is about 8000 A. The wavelengths that will appear 
on the normal for a 15,000-line-per-inch grating at any given angle 
for a stigmatic mounting are given in Table 4.1. 


TABLE 4.1 

Wavelengths and Focal Distances on the Normal in the Wadsworth 
Mounting for Various Angles of Incidence 


Angle of 
incidence 

Wavelength 
on normal 

Focal distance 
(fraction of R) 

8° 

2359 A 

0.5024 

10® 

2943 

0.5038 

12° 

3524 

0.5055 

14“ 

4100 

0.5075 

16” 

4072 

0.5099 

18” 

5238 

0.5126 

20” 

5797 

0.5156 

24” 

6894 

0.5226 

O 

X 

7958 

0.5311 

32® 

8981 

0.5411 

36” 

1 

9963 

0.5523 


The figures in Table 4.1 hold for a 15,000-1ine-jier-inch grating in the first order. 
If other orders are used, the wavelengths are to be divided by the order number. 
The wavelengths for a 30,000-line-per-inch grating are obtained by dividing those 
in the table by 2. The focal distance in any unit is given by /i, the radius of curvature 
of the grating in that unit, multiplied by the fraction in column 3. 


A very satisfactory Wadsworth stigmatic mounting in operation at 
the Massachusetts Institute of Technology, where two instruments of 
this type have been in frequent use for many years, consists of a 
35-ft concave grating used in conjunction with a 7-in. aluminized 
glass mirror of equal radius of curvature. A plateholder SO in. long 
is provided that will hold one, two, or three 4- X 10-in. spectrum 
plates, or one centered 2- X 20-in. plate, at one time. Arrangement 
is made for moving this plateholder up and down so that as many as 
40 spectra can be photographed on a single plate. The fixed bar 
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on which rod R in Fig. 4.16 slides is calibrated with a wavelength 
scale. In changing from one spectral range to another, the movable 
rod R is first put in the desired position, so that the proper spectral 
region will be centered on the plateholder P, and then the platcholder 
is moved along the rod to the position given by a numerical table of 
focal positions. The only other adjustment required is a slight 
change in curvature of the plateholder. This can be made flexible, 
or separate plateholders can be provided for the various regions. The 
curvature adjustment can be made by means of calibrated screws 
at each end of the plateholder. In one instrument, all other adjust¬ 
ments are made with electric motors; and the racking adjustment, 



Fig. 4.17. Commercial 21-ft concave-grating spectrograph of the Wadsworth 
type. (Courtesy Jarrell-Ash Company, Boston.) 


which is also done electrically, can be controlled from outside the 
room in which the grating is mounted. 

The plate factor obtained with the Massachusetts Institute of 
Technology instruments is 3.3 A/mm in the first order and 1.65 
A mm in the second order. Any spectral region from 2000 to 10,000 
A is readily available, and in the first order a region 2500 A long can 
be photographed at one time on three 10-in. plates placed end to end. 
Each instrument occupies a space about 18 ft long by 12 ft wide. 
One of these spectrographs, having a grating that throws most of 
its light into one first order, is very fast, a 3-second exposure being 
suflBcient to give a strong spectrogram of an iron arc throughout most 
of the visible and ultraviolet regions. 

The Jarrell-Ash Company manufactures a spectrograph of the 
Wadsworth type,^^ shown in Fig. 4.17. 


“ R. F. Jarrell, Jour, Opt, Soc, Am., 32, 666 (1942). 


§4.8] DIFFRACTION-GRATING SPECTROGRAPHS 89 

For many routine purposes, such as qualitative and quantitative 
spectrographic analysis of materials, it is convenient to have a 
Wadsworth mounting in fixed and permanent focus. For analyzing 
ferrous materials and other spectra rich in lines, it is desirable to have 
a plate factor of 5 A/ rnm or less. Most routine analyses can be made 
using lines lying in the region ^£4()() to 4400 A. To meet the require¬ 
ment that this 2000-A range should be photographed on a single plate 
with a plate factor of 5 A mm, a plate 400 mm, or about 16 in. long, 
is needed. Or one can photograph the entire range from 2000 to 
5000 A on a plate only 20 in. long, covering 2500 to 5000 A in the first 
order and 2000 to 2500 A in the second. Such overlapping is much 
less objectionable in emission analysis than is often supposed, because 
of the high dispersion available with such gratings. 

The criterion that the stigmatic range in a Wadsworth mounting 
is about one-sixth of the grating-plate distance indicates that we 
should make this distance at least 10 ft in designing a fixed-focus 
.spectrograph. A })late factor of 5 A mm will be obtained at a focal 
distance of 10 ft with a grating having about 15,000 lines per inch. 
Thus a 6-in. concave grating with 15,000 lines per inch and having 
a 21-ft radius of curvature could serve as the heart of such an instru¬ 
ment. 

4.8. The Choice of a Grating Mounting. Small commercial con¬ 
cave-grating instruments, which are of necessity portable, usually 
•ire made with the Eagle mounting, or in some cases with the Abney* 
When one is faced witli the necessity of choosing the most suitable 
mounting for a large grating, the first consideration must be that of 
Sf)ace. Where only a long narrow corridor or vertical shaft can be 
used, the Eagle mounting is suitable. The cross section of its con¬ 
taining box is determined only by the length of spectrum to be 
photographed at one setting and by the baffles needed to cut down 
stray light. 

If a room of medium size (say 12 X 15 ft) is available, a 21-ft 
grating in the Wadsworth mounting will probably be found more 
useful than a shorter-focus grating in any other mounting. The 
grating of longer radius will cost no more than a shorter one for the 
same area of ruling, and the advantages of a stigmatic mounting are 
obtained; moreover, the grating can also be used at its full dispersion 
later if a larger space becomes available. When space is available 
and astigmatism is unobjectionable, the Paschen-Runge mounting is 
so much more flexible than the others that its use is advantageous. 
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As to the choice of grating spacing and number of lines, much de¬ 
pends on the type of problem to be attacked. In general it is advan¬ 
tageous to have a large number of lines and a close line spacing, 
provided ghost intensity is not thereby increased and high orders 
need not be reached. No instrument has ever suffered from too 
much resolving power, and dispersion can always be decreased if 
necessary by using auxiliary mirrors as in the Wadsworth mounting. 
For constant angular aperture and slit width, increased dispersion 
decreases the intensity of continuous spectra but not of niono^ 
chromatic line spectra. Increasing the dispersion, of course, de¬ 
creases the range of spectrum that can be photographed on a plate 
of given length. 

Modern mirror coatings having high reflecting i)ower in the ultra¬ 
violet region as well as in the visible make j)raeticable a number of 
modifications of the standard mountings. Thus by use of a single 
plane mirror and a slit that can be rotated about a vertical axis, the 
grating can be illuminated from any angle in a Paschen mounting, 
which can then be used also as an Abney mounting. Two movable 
mirrors and a fixed slit can also be used. One of the systems de¬ 
scribed in § 4.9 for eliminating astigmatism with the help of a cylindri¬ 
cal quartz lens can sometimes be introduced to impart to any mount¬ 
ing some of the stigmatic advantages of the Wadsworth mounting. 

4.9. Astigmatism of the Concave Grating and Its Reduction. The 
astigmatism of a concave-grating spectrograph can be measured in 
terms of the length of the line into which a f>oint on the slit is focused 
on the Rowland circle. This length depends on the gratifig and how 
it is illuminated, and is proportional to the length of the rulings. 
Calculations of astigmatism are usually given in terms of the quan¬ 
tity which measures the astigmatism per unit length of ruling: 




sin’ 6 + 


sin’ i cos 6 
cos i 


Figure 4.18, from a chart due to Beutler,^^ shows the astigmatism to 
be expected when various angles of incidence and diffraction are used. 
The Eagle mounting has much less astigmatism than the Rowland 
and is somewhat superior in this respect to the Paschen. In general, 
the least astigmatism is found at the normal to the grating and when 
the angle of incidence of the light on the grating is kept small. How¬ 
ever, to get minimum astigmatism at a given wavelength, i should be 
set equal to 6, as in the Eagle mounting. 
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Astigmatism reduces the intensity of a line if light is sent through 
only a short portion of the slit, because the lengthening of the image 
spreads the light over a longer line. The intensity of a line produced 
in an astigmatic specdrograph can, therefore, be increased by illumi¬ 
nating a longer portion of the slit. If a sufficient length of the slit 
is illuminated, the intensity in the middle of the line will be as great 
as that in a stigmatic image. The source used must of course be of 
sufficient extent that the cone of light from it will completely fill the 
grating. 

Astigmatism reduces resolution slightly, since the astigmatic line 
images are slightly curved. This effect is very small, however, and is 
of im})ortance only when extremely high resolution is required. 


Astigmatism 

in units of the length of the grating grooves for point source on slit 



Angie of diffroction 


Fig. 4.18. Astigmatism in units of the length of grating grooves for a point 
source at the slit for various angles of incidence and diffraction. (From H. G. 
Beutler^^ by permission Jour. Opt. Soc. Am.) 

The principal drawback of astigmatism in a concave-grating spec¬ 
trograph is that it prevents use of several of the more effective meth¬ 
ods of photographic photometry that are valuable in quantitative 
spectrographic analysis. Astigmatism has been discussed in some 
detail by Dieke^® and by Beutler.^^ Oldenberg^® has critically dis- 

(i. H. Dieke, Jour. Opt, Soc. Am.., 23, 274 (1933). 

H. G. Beutler, Jour. Opt. Soc. Am., 35, 324 (1945). 

” O. Oldenberg, Jour. Opt. Soc. Am., 22, 441 (1932); also G. H. Dieke. Proc. Sixth 
Summer Con}, on Spectrogruphy, p. 71. New York: John Wiley & Sons, Inc., 1939. 
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cussed several methods that have been suggested for eliminating the 
effects of astigmatism in the concave grating. A method due to 
Sirks^^ is widely used, and is here reproduced. 

The Rowland circle represents the horizontal focus of a grating, 
but somewhere outside of this circle the light from the slit passes 
through a vertical focus, where each point on the slit is imaged as a 
liorizontal line. Any point on the Rowland circle marks also the 
vertical focus of some point outside of the slit. This positioning is 
easier to visualize if one thinks of a point source of light placed at the 


G 



Fig. 4.19. Sirks' construction, for 
the special case in which a grating 
is used on the normal, to find the 
position, O, at which horizontal 
stops may be placed so as to be 
imaged as points along the spectrum 
lines. R, Rowland circle; grat¬ 
ing; S, slit; AO, tangent to Row¬ 
land circle at intersection of grating 
normal with the circle; 0, position 
at which horizontal stops should be 
placed. 


position of a spectrum line, which 
will be brought to a horizontal 
focus (vertical line) on the slit and 
to a vertical focus beyond this. 
Thus in Fig. 4.19 an object placed 
at the outer focus 0 will be brought 
to a vertical focus on the circle 
at the grating normal, provided no 
lenses intervene, and a diat)liragm. 
step weakener, or logarithmic sec¬ 
tor (§ 13.fl) can be placed there. 
The point 0 is located in the general 
case by extending the straight line 
which connects the position of the 
plateholder on the Rowland circle 
with the intersection of the normal 
to the grating and the eirele, until 
it intersects the line connecting slit 
and grating. Its distance d from the 
slit is given for the Eagle mounting 
by the formula 

d = R sin i tan 2i 


where R is the radius of curvature of the grating. Obviously, only 
a relatively short region of the spectrum can be covered in this way 
at one setting of 0. 

Runge and Mannkopf^o have devised a means of producing a 
stigmatic image of the source on the plate by using a combination of 
a spherical lens and a cylindrical lens, or a concave mirror, to form 

L. Sirks, Astrm. and AHrophys,, 13, 763 (1894). 

^0 C. R. Runge and R. Mannkopf, Z.J. Phys., 45, 13 (1927). 
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an astigmatic bundle of rays that has its horizontal focus at the slit. 
Using uncorrected quartz lenses, they were able to produce stigmatic 
images of the source over as much as 1000 A with a single setting of 
the lenses, the natural dispersion of the quartz serving to extend the 
normal range. 

We may obtain a stigmatic spectrum without sacrificing dispersion 
by placing a small cylindrical quartz lens with its axis horizontal 
between slit and grating.-^ In this j)osition the lens throws a virtual 
vertical image of the slit back to the outer focus of the grating; and 
stigmatic, though enlarged, images of the slit are produced on some 
part of the Rowland circle, the exact position of the lens being chosen 
to fit the particular region of the spectrum being studied. It is 
usually possible to bring two regions of the spectrum into stigmatic 
focus simultaneously, and the natural dispersion of the quartz may 
again be used to extend the range. A 5- X 5-cm plano-convex 
(‘ylindrical lens of 150 cm focal length in the vertical j)lane will be 
found suitable for a 21-ft or 10-meter grating. 

In all the above arrangements, the gain in light intensity is only 
that incidental to the production of a stigmatic image, and in some 
cases there may be loss of light if care is not taken to see that the full 
length of the slit and the full aperture of the grating are filled with 
light. We may, however, obtain a very gre^at increase in line bright¬ 
ness, as shown by Humphreys and by Gehrcke,'- by placing a short- 
focus cylindrical lens in front of the plate. All of the light that 
formerly covered a line say 5 cm long is now focused down into a 
length of perhaps 5 mm, with a resulting tenfold increase in intensity. 
For general work an accurate 5- X 5-cm cylindrical quartz lens with 
a focal length of about 20 cm is recommended. This should not be 
placed parallel to the plate but normal to the beam incident on the 
lens; to avoid a decrease in resolution, great care must be taken to see 
that its axis is truly horizontal. Only a short portion of the spectrum 
at a time can be covered with a small lens, of course, and the arrange¬ 
ment finds its greatest use in studying hyperfine structure patterns 
or very faint band heads. 

4.10. The Testing of Diffraction Gratings. When a spectrograph 
is purchased from a manufacturer, he is of course responsible for the 
satisfactory performance of its optical parts. Probably as many 
imperfect prisms as imperfect gratings have been produced in the past, 

** See O. Oldenberg, Jour. Opt. Soc. Am., 22, 447 (1932). 

“ W. J. Humphreys, Astrophys. Jour., 18, 324 (1903); E. Gehrcke, Z,f. Instr. Kde., 
31, 87, 217 (1911). 
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but the former have been weeded out by the manufacturers so that 
the user seldom sees one. Gratings, on the other hand, are in many 
cases purchased directly from those who rule them, and since a perfect 
diffraction grating has never been ruled, it is desirable that the user 
should be familiar with tests that indicate the merit of any grating 
that may come into liis hands. These tests should cover specTrurn 
intensity, layman ghost intensity, Rowland ghost intensity, line shape, 
target pattern, resolving })ower, scattered light intensity, satellite 
intensity, and the variation of these with angle of illumination and 
with wavelength. The details of such tests are discussed in §§ 5.3- 
5.5. 

4.11. Grating Monochromators. In the past, most commercial 
monochromators (§§ 2.16, 3.12, 17.2) have been constructed with 
prisms as dispersing agents, but the introduction of the aluminum- 
coated grating, with its increase in intensity, decrease in scattered 
light, and simple optical system, has made possible design of excellent 
grating monochromators. Harrison-'*'^ has described a simy)le mono¬ 
chromator using a 3-meter concave grating that makes beams of high 
radiant flux and great purity available. As discussed in Chapter 6, 
the larger a givtai type of monochromator, the greater the radiant flux 
of a given degree of purity that can be isolated by it. For certain 
applications great gains result, w hen numerical aperture can no longer 
be increased, by merely increasing the actual sizes of the source, slit, 
monochromator, and receiver. Other things being equal, a hundred 
times as much monochromatic flux can be obtained with an instru¬ 
ment built around a 10-ft concave grating as with one of ordinary type 
having a 12-in. collimator. The transmission of a good grating instru¬ 
ment is fully as great as that of an equivalent prism type. 

Plane gratings lend themselves to use in monochromators, with an 
off-axis parabolic mirror for both collimating and focusing, as de¬ 
scribed in § 17.2 for infrared prism instruments. The improved 
reflecting powers in the ultraviolet now available for mirrors make 
possible the design of new types of monochromators that cover the 
entire range 2000 to 10,000 A at fairly uniform dispersion. Since no 
refocusing of chromatically uncorrected lenses is needed, a simple 
wavelength control with a direct-reading dial can be provided. 

Speculum-metal gratings scatter more light than is desirable for 
use in monochromators, even when coated with aluminum. A grating 

G. R. Harrison, Proc. Sixth Conf. on Spec., p. 91, New York: John Wiley & Sons, 
Inc., 1934; also G. R. Hamson and E. P. Bentley, Jour. Opt. Soc. Am., 30, 290 (1940). 
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ruled directly on an evaporated metal surface is likely to give such 
freedom from scattered light that a monochromator constructed with 
it will be intermediate in spectral purity between an ordinary single¬ 
prism and a double-prism monochromator. A very simple pre¬ 
dispersion instrument then suffices for use with it to make scattering 
effects negligiblco 



CHAPTER 5 

The Testing, Adjustment, and Care of Spec¬ 
troscopic Equipment 


The adjustment of (jenehae types of spErTiioscopic equipment 
is discussed in this chapter. Details of adjustment of apparatus for 
special apjilications, such as infrared spectroscopy, absorption spec¬ 
trophotometry, Raman spectroscopy, and spectroscopy of the 
vacuum ultraviolet, will be found in the chapters dealing specifically 
with those techniques. 

THE TESTING OF SPECTROSCOPIC COMPONENTS 

S.l. The Testing of Slits. The jaws of an adjustable slit should 
be polished to almost mirror smoothness, and should be closely 
parallel to each other and in the same plane. To determine whether 
these requirements are fulfilled satisfactorily, a demounted slit having 
adjustable jaws may be tested by laying it on an illuminated opal or 
ground glass, or supporting it so that a sheet of white paper may be 
viewed through it. The slit opening may be examined with a low- 
power magnifier, while the slit is closed slowly. At the instant of 
complete closure, if the jaws are straight and parallel to each other, 
the light will be extinguished simultaneously at all points along the 
slit; and if the jaws are in the same plane, this simultaneity will be 
observed no matter at what angle the slit is viewed. If the width 
of the slit appears to vary with the aspect from which it is viewed, the 
two jaws are not accurately in the same plane. Adjustments are 
usually provided whereby the jaws may be made parallel if they are 
found to be improperly aligned. Jaws of a slit in which the beveled 
edges do not lie in the same plane should be reground for thickness. 

Another method of testing is to photograph an image of the slit 
under actual working conditions, with the slit mounted as it is to be 
used. If the slit belongs to a visual spectroscope with a viewing 
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eyepiece or to a monochromator with an exit aperture, the eyepiece 
or exit aperture should be removed so that the spectral image can be 
photographed in the position at which it is most sharply in focus. A 
source comparatively rich in fine lines, such as an iron arc or a copper 
or tungsten spark, may be used. With a slit opening of 0.01 to 
0.0!^ mm, the spectrum should be focused carefully until sharp images 
f)f the slit are obtained in the portion of the spectrum to be used for 
t(‘Sting. The slit should then be opened to a width of about 1 mm 
and its edges cleaned carefully by stroking them with a sharpened 
stick of clean wood in one direction. A series of test spectra should 
then be j)hotographed with slit openings varying from about 0.04 mm 
to full closure. During these exposures the full length of the slit 
should be illuminated, any diaphragms or aoertures that might shield 
j)ortions of it from illumination being removed. If the photographed 
s}X‘ctrum lines appear wedge-shaped, lack of parallelism of the jaws 
is indicat(‘(1. If the spectrum lines appear ragged or uneven (Fig. 5.1) 
the cause is probably dirt on the jaws, imperfections in their edges, 
or blunt ness of the jaws. 

The second method of test¬ 
ing slits is applicable only to 
spectroscopic systems in which 
stigmatic images of the slit 
are formed in the focal plane. 

In astigmatic spectroscopes, 
the slit can usually be de¬ 
mounted and tested by the 
first method described above. 

Figure 5.1 shows spectra taken 
with dirty and defective slits. 

5.2. The Testing of Prisms and Lenses. The spectroscopist has 
little occasion to test prisms or lenses except in instances in which he 
is concerned with the design and construction of special equipment. 
Inspection of such components for striae, bubbles, surfaces scratches, 
and other gross imperfections can be accomplished easily with the aid 
of a low-power magnifier. There is usually no need to go beyond 
such cursory examination, since components are tested for perform¬ 
ance in the optical shops where they are fabricated. Instructions 
regarding the measurement of indices of refraction, dispersion, prism 
angles, focal lengths of lenses and mirrors, and the various aberrations 
of lenses and mirrors are given in standard treatises on optics. In- 



Fig. 5.1. Out-of-focus spectra photo¬ 
graphed with a dirty and defective 
spectrograph slit. 
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formation regarding the testing of mirrors, lenses, .and prisms in 
combination is given in §§ 5.4 and 5.5. 

5.3. The Testing of Gratings. No two diffraction gratings are 
precisely alike. The performance of most gratings can he improved 
by masking areas in which the rulings are imperfect, especially at 
the edges. Increasing commercial production of grating spectro¬ 
graphs is helping to relieve the individual spectroscopist of the news- 
sity of subjecting new gratings to test, but it is still often important 
to be able to determine the performance of a grating in the laboratory. 

a. The Foucault Knife-edge Test. This test is useful in locating 
imperfect areas in concave gratings (Pig. 5.2). A knife-edge (for 
example, a razor blade) is mounted on a carriage in such a manner 
that it c.an be moved along the focal plane, through the image of an 
intense, isolated spectrum line such as one emitted by a mercury arc. 



Fig, 5.2. Foucault knife-edge test as used with a concave grating, a, Slit; 
hy grating; c, knife-edge on carriage movable by a transverse screw; d, position 
of observer’s eye. 

When viewed from close behind the image, the grating will appear 
to be filled with light, since light from all parts of the grating passes 
through the image into the eye pupil. If each part contributes its 
proportionate share of light to the image, and if the image is sharp 
and free from effects of aberrations, moving the knife-edge into the 
image will cause the light to be cut off uniformly and simultaneously 
from all parts of the grating. If, however, large bright areas are 
observed on the grating when the knife-edge is moved into the image, 
these areas are usually due to imperfect rulings, which should be 
masked. The effect of masking such areas on the quality of the 
spectra produced by the grating should then be tried. 

b, Target-Pattern Test Another method of determining defective 
areas of concave gratings is to view target patterns of strong mercury 
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lines (or other distinct, intense spectrum lines) on screens placed 
about one-third the distance from the image plane to the gratingj 
with the grating otherwise set up as for normal use. Typical target 
patterns are sliown in Fig. 5.3. The images so obtained are broad 
areas corresponding to bundles of rays converging toward each 
spectrum line. If the various portions of the grating all contribute 




(b) 


Figs. 5.3 a, b. Typical target patterns, (a) Pattern of a single wavelength 
from a good grating, (b) Patterns of three wavelengths from an inferior grating. 
Reproduced from Proceedings of the Seventh Summer Conference on Spectroscopy 
and Its Applications, by permission of the publishers (the Technology Press and 
John Wiley & Sons, Inc., New York.) 

their proportionate share of light to the formation of a sharp image, 
the target pattern will have a uniform or a channeled structure. 
Otherwise, the pattern will show irregular patches. If the pattern 
is irregular, the eflFects of masking can be tried, the optimum masking 
being determined by trial and error. 


^ G. R. Harrison, Proceedings of the Seventh Summer Conference on Spectroscopy 
and Its Applications, New York: John Wiley & Sons, Inc., 1940. 
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c. Determination of Defects Thai Give Rise to Satellites, A third 
method, originated by R. W. Wood,*^ is applicable to determining 
defective areas in plane or concave gratings which give rise to promi¬ 
nent satellites. A slit is placed in the focal plane in such a position 
as to pass the light from a satellite but to obscure the principal line 
and other lines. The light that passes through the slit is sent through 
a lens onto a photographic plate in such a manner as to form an 
image of the grating on the plate. If only certain portions of the 
grating contribute to formation of the satellite, these portions will 
appear most prominent in the photograph of the grating. Once 
their position has been determined by this means, they may be 
masked. It is sometimes found that the position of a satellite varies 
with reference to the principal line as the spectrum is traversed, the 
satellite coinciding with the line at the grating normal. 

d. Observation of Ghosts. Although Rowland and Lyman ghosts 
cannot be eliminated by masking, since all portions of the ruled sur¬ 
faces contribute to them, it is of importance to determine their 
prominence. To observe Lyman ghosts, the grating should be set up 
as for normal use. If the slit is illuminated with a source having only 
a few strong lines in the visible, such as a mercury arc, the Lyman 
ghosts will be o^erved most easily as visible lines in the region be¬ 
tween the violet end of the first-order visible spectrum and the central 
image. Visible Lyman ghosts have the same colors and appearance 
as their parent lines. Hence if one employs a source having doublets 
or triplets in the visible spectrum, the corresponding Lyman ghosts 
will be doublets or triplets of the same color. Almost any grating 
will show Lyman ghosts if a wide slit and intense source are used in 
the search for them. A grating having Lyman ghosts more intense 
than 1/10,000 of their parent lines should be viewed with suspicion 
for all but a few spectroscopic purposes. In case of doubt, the 
relative intensities of ghosts and lines should be determined photo¬ 
graphically. 

Rowland ghosts may be observed by using a narrow entrance slit 
and viewing the first- or second-order visible spectrum lines with an 
eyepiece. The ghosts appear as additional weak lines regularly 
spaced on either side of all strong lines, as shown in Fig. 2.12. By 
taking a series of photographs of the spectrum with different times of 
exposure and determining the time ratios for which the ghosts produce 
the same blackening in one photograph as the parent lines in another, 

® R. W. Wood, Physical Optics, New York: The Macmillan Company, 1934. 
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one may determine the approximate relative intensities of the ghosts. 
Alternatively, a rotating logarithmic sector may be used. In the 
first-order spectrum of a good grating, the intensities of Rowland 
ghosts should be less than 1/1000 of those of their parent lines. The 
relative intensity of ghost to line can be expected to increase approxi¬ 
mately as the square of the order; ghosts in the second order will be 
about four times as strong relative to their parent lines as in the first. 
This rule is only approximate, because some orders may show in¬ 
ordinately strong ghosts. In general, Rowland ghosts produce less 
confusion in the spectrum than Lyman ghosts. 

5.4. The Testing of Prism Spectrographs. An easy qualitative 
test is to j)hotograph the spectrum of a source rich in sharp lines, 

such as an iron arc, and then to compare 
this spectrogram with one made on an 
instrument known to perform satisfac- 
t orily. Prints of iron-arc spectra and other 
s])ectrogranis made with good instruments 
of high dispersion may be obtained from 
spectrograph manufacturer;. A narrow 
slit should be used, and the focus of the 
spectrograph should be adjusted carefully 
before the test is made (see §5.9). The 
test spe(*trograms should be taken on 
plates of moderate contrast, developed to 
give average tonal gradations. This pro¬ 
cedure is essential in order that relatively 
weak imperfections will not be obliterated when the exposure and 
development are such as to result in appropriate blackening of 
the stronger lines. 

Spectrograms taken with the full slit illuminated should be com¬ 
pared with those taken with various portions of the slit covered by 
means of a Hartmann diaphragm (Fig. 5.4). The line sharpness 
should be essentially the same whether the total slit length or only 
portions of it are used. If this is not the case, either the focus is not 
properly adjusted or defects in the components are indicated. If, 
with the spectrograph in proper adjustment, the lines are abnormally 
fuzzy or irregular or are found to be accompanied V)y satellites when 
compared with standard spectrograms, defects in the components 
may be suspected. 

5.5. The Hartmann Test. If component defects are indicated by 


G 



G 


Fig. 5.4. The Hartmann 
Diaphragm. 'I'Ik* diaphragm 
D (‘onlains sfvM^ral small 
openings, any one of which 
can he brought into juxta¬ 
position with the slit *S by 
sliding the diaphragm side¬ 
ways in the grooves G. 
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the above procedure, a simple test method devised by Hartmann'* may 
be used to locate the defects. In this test a small light source, 
such as a condensed spark between tungsten-steel electrodes or a 
Western Union concentrated arc lamp, is used. The source is 
mounted at a distance of about 25 cm from the slit, on a carriage that 
will permit it to be moved laterally in a plane parallel to the plane 
of the slit and along a line perpendicular to the slit (Fig. 5.5). With 
the source placed approximately on the oj)tic axis of the collimator 
lens, the slit is narrowed until its central diffraction maximum covers 
only a small portion of the collimator lens. By moving the source 
laterally, it is then possible to direct light in the horizontal plane 
through different portions of the spectrograph optics. By using 
different openings in a Hartmann diaphragm over the slit, it is further 
possible to send light through different portions of the optics in the 
vertical plane. 

For each setting of the Hartmann diapliragm, a series of five or 



Fig. 5.5, The Hartmann Test, a, Point source mounted on carriage with trans¬ 
verse screw motion; h, slit of spectrograph; c, collimator lens. 


more spectrograms is taken with the source positioned so as to 
illuminate different portions of the optics. If there are no appreciable 
aberrations or other defects in the system and if the spectrograph is 
in proper adjustment, the spectrum lines in all these test spectra 
should be in good alignment with each other. If the plate is in front 
of or behind the true focal plane, there will be a progressive shifting 
of the lines with change in position of the source or of the diaphragm 
openings. The focus should then be readjusted until the shifting of 
the lines is reduced to a minimum. If there are serious lens aberra¬ 
tions or inhomogeneities in the prism or lens materials, irregular 
shifting of the lines will be observed even after the best focus has been 
attained. When such defects occur, their effect may often be reduced 
materially, or eliminated, by masking portions of the prism or lenses. 
This masking may be accomplished by trial and error, those portions 

* J. Hartmann, Zeiis.f. Instmmentenkunde, 20, 47 (1900). See also U. S. Bureau of 
Standards Scientific Papers, numbers 311 and 494. 
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of the optics which the test spectrograms show to be the worst 
offenders being masked first. 

The above test shows only whether light beams suffer irregular 
<leviations in traveling through particular portions of the lens and 
prism optics. For any particular beam, the test does not indicate 
whether the collimator lens, the prism, or the tele.scope lens is the 
offending component. For Littrow-type spectrographs, the lens may 
be tested separately by the Hartmann method if the prism is removed 
and a mirror substituted in such a manner as to reflect the rays back 
through the lens along their ordinary path. In this te.st, the radiation 
is not spread into a spectrum; hence chromatic aberration, ordinarily 
compensated by tilting of the spectrum plate, may cause appreciable 
broadening of the slit image. This diflSculty may be overcome by 
using a source with widely spaced lines, such as a mercury arc, and 
isolating one line by a suitable filter so that the slit is illuminated 
with approximately monochromatic radiation. In general, the best 
focus under such conditions will not correspond to the position of 
sharp focus with the prism in place, since a different light path is 
followed by the rays in traveling from the mirror to the plate when 
no prism is interposed. Accordingly, the focus must be adjusted 
before a final test plate is made. 

If defects are found by the Hartmann test, it may be advisable to 
remove the lenses and to test them individually, either by the knife- 
edge test,* as described for gratings in § 5.8, or by other standard 
methods (sec General References 5.1-5.3). It is well to look for 
defects in the prism first. This search is made most simply by sub¬ 
stituting another prism and repeating the Hartmann test for the 
complete system. 


ADJUSTMENT OF PRISM AND 
GRATING SPE( TROGRAPHS 

5.6. Adjustments Required for Various Types of Instruments. 
Spectroscopic equipment is of many different types, each of which 
involves particular adjustments for best performance. In general, 
such adjustments involve (a) setting the slit to an appropriate open¬ 
ing, and to parallelism with respect to a prism apex or to the ruled 
lines of a grating, (b) optically aligning the component parts of the 

* A pinhole source is used, mounted on the optic axis in the case of a lens and as 
near the optic axis as feasible in the case of a mirror. 
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system, and (c) focusing the components. These operations should 
be carried out in the order given to achieve approximate adjustment, 
after which it may be necessary to repeat the various procedures 
until the best adjustment has been reached as a result of successive 
approximations. 

Commercial spectrographs, spectrophotometers, and monochrom^ 
ators are usually designed so that the necessary adjustments are few 
in number. The optical components are sometimes permanently 
aligned and fixed in position by the manufacturer, with no provision 
for further adjustment. In almost all instruments, however, adjust¬ 
ment of slits and focusing are required. 

5.7. Adjustment of Slit Width and Length. Methods of testing 
and adjusting slits for parallelism of the jaws were described in § 5.1. 
Some slits are made without provision for adjusting the jaws for 
parallelism. If they are found to be seriously nonparallel, a more 
perfect slit must be substituted. 

Slits should be kept free from dust particles or dirt, which may 
interfere with the uniformity of the slit aperture. A method of 
cleaning the edges of open slits was described in §5.1. Some ad¬ 
justable slits and most fixed slits are covered by plates of quartz or 
glass on the side toward the light source, (^.over plates should be 
cleaned by wiping them with lint-free cloth or lens tissues, moistened 
with ether or alcohol. Special care should be taken to avoid finger 
marks on quartz cover plates. Any fingerprints present should be 
removed carefully with a grease* solvent before exposure to ultraviolet 
radiation, because if such radiation falls on fats or other organic 
substances, it may cause permanent etching of quartz. 

When open arcs or sparks are used, danger of pitting or fouling 
of the slit edges by material from the source may be reduced by placing 
a transparent protecting plate between the source and the slit, or 
by using a condensing lens so that the source can be moved farther 
away. 

Protecting plates, or plates used for the mounting of fixed slits, 
may, as the result of interference arising from multiple reflections, give 
rise to variations in the intensity of the radiation transmitted through 
different portions of the slit. The errors that such effects may intro¬ 
duce in quantitative emission analysis, and their elimination, have 
been discussed by Stern.'* 

The width of an adjustable spectroscope slit is usually set at be- 


^Joshua Stern, J. Opt, Soc. Am., 36, 654 (1946). 
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tween 0.01 and 0.06 mm. The optimum opening depends on the 
instrument and its application. Details of the calculation of op¬ 
timum widths are given in Chapter 6. 

A diaphragm with V-shaped opening is usually provided for adjust¬ 
ing the length of slit to be illuminated. Ordinarily only a portion of 
the total length is used. In stigmatic instruments, increasing the 
slit length usually merely increases the length of the spectrum lines 
produced; in astigmatic instruments it may greatly increase intensity. 

Lenses of short focal length may be used in lieu of slits. A pseudo 
slit of this type has been described by King.'’ 

5.8. Adjustment of Slit Perpendicular to the Direction of Disper¬ 
sion. The slit should be j)arallel to the apex of the prism or to the 
rulings of the grating used. This adjustment is accomplished by 
rotating the slit in its own plane, after the prism or the grating 
and the other optical components of the system are in proper align¬ 
ment. 

Often it is suflicient to set the slit so that the spectrum lines from 
a source such as a mercury arc or neon discharge tube appear per¬ 
pendicular to the line along which the various wavelengths are dis¬ 
persed, as viewed on a ground-glass screen. Reference lines marked 
on the screen, or a piece of translucent coordinate paper, may be used 
for checking perpendicularity. In stigmatic instruments the slit 
length may be closed down almost to a point, so that the resulting 
spectrum, if continuous, appears as a line; if discontinuous, as a 
series of points along a line. One of the coordinates of the screen or 
graph paper may then be set parallel to this line, after which the 
entire slit length may be exposed to light from a line source, the slit 
being rotated until the spectrum lines are properly aligned with re¬ 
spect to the perpendicular coordinates. 

For the most precise adjustment, the foregoing method may be 
used merely for preliminary alignment. Then a series of trial spec¬ 
trograms, taken with the instrument properly focused and with slight 
changes in the rotation of the slit for each new exposure, may be used 
to determine the slit angle that gives the sharpest spectrum lines 
perpendicular to the line of dispersion. 

In the case of prism instruments, the spectrum lines are appre¬ 
ciably curved. Therefore only a short middle portion of each line 
will appear strictly perpendicular to the spectrum, but it is usually 
possible to judge fairly well when the curved lines are symmetrically 


C. M. King, J. Opt, Soc, Am.., 36, 164 (1946). 
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disposed with reference to the perpendicular coordinates. Lines from 
gratings are only slightly curved. This curvature, and any inclina¬ 
tion of the slit, decreases resolution in astigmatic instruments. 

5.9. Focusing the Spectrum: Commercial Prism Spectrographs. 
It will be assumed in this section that the slit has been adjusted 
properly and that the optical components are suitably aligned. 
Procedures for aligning various components are given in subsequent 
sections. 

Procedures for focusing vary considerably for different types of 
instruments. In the simplest instruments, such as the usual hand 
spectroscopes or spectrographs, only one focusing adjustment is pro- 
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Fig. 5.6. Trial spectra photographed with different focus 
settings of the spectrograph collimator. 


vided, and there is no provision for change of plate tilt. The focusing 
adjustment may move either the slit or the collimator lens, so as to 
change the distance between these components. Alternatively, the 
adjustment may move the telescope lens toward or away from the 
eyepiece or plateholder. In visual instruments equipped with fixed 
cross hairs or a fixed aperture viewed by an eyepiece, the focus should 
be adjusted so that the spectrum is sharply imaged in the plane of the 
cross hairs or aperture. When the adjustment has been made prop¬ 
erly, no parallax should be observed as the eye is moved from side to 
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side. If movable, the eyepiece lens should first be focused so that 
the cross hairs or aperture appear shar[) and clear. 

In photographic instruments, preliminary focusing may be accom¬ 
plished by observing on a ground-glass screen the images of widely 
spa(‘ed spectrum lines, such as those from a neon tube or mercury arc. 
Several spectrograms should then be taken, corresponding to slight 
differences in focus (Fig. 5.0). The final setting to be chosen is the 
one that yields the shar})est lines in the portion of the spectrum to be 
observed. In small or medium quartz spectrographs, for example, 
the best setting for lines in the visible and near ultraviolet may be 
somewhat different from that for lines in the far ultraviolet. 

A second case is that of spectrografdis on which there is only one 
focusing adjustment but on which the tilt of the plate may also be 
changed. Preliminary focusing and plate-tilt adjustments may be 
accomplished by o})servation of visible lines on a ground-glass screen. 
A test plate is then taken in the manner described above, and that 
position of focus is selected which gives the shar])est line images near 
the center of rotation of the plate. In large spectrographs other 
than those of the I at trow type (discussed below) it may be necessary 
as a preliminary measure to shift the plate holder along the spectrum 
to a position corresponding to the spectral range to be photographed. 
After the spectrum has been focused sharply for the center of rotation 
of the })late, a second test plate is taken on which is photographed a 
series of spectrograms corresponding to different plate tilts. The tilt 
finally chosen should be that which gives the sharpest line images 
throughout the range of the spectrum to be observed. If a line drawn 
on the spectrogram connecting the positions of best focus in successive, 
uniformly spaced exposures is straight but inclined, only a change 
in angle is required. If it is curved, the plate must be bent to achieve 
the best focus. 

5.10. Focusing the Spectrum: Commercial Littrow and Eagle- 
Mounting Spectrographs. Spectrographs of the Litrrow type require 
successive adjustment of the angle of the prism or grating, the focus 
of the lens, and the angle of the plateholder. Commercial instru¬ 
ments of this type are usually supplied with calibration tables showing 
the proper settings of these three adjustments for various wavelength 
regions. Often two or more of the adjustments are geared together 
so as to be accomplished automatically when the setting is shifted 
from one spectral region to another. 

If automatic coupled adjustments are not used, it is first necessary 
to set the dispersing element to cause the desired spectral region to 
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fall on the plate. If calibration data are lacking, this is accomplished 
easily for the visible region by visual inspection, using a ground-glass 
screen and a source providing widely spaced, easily identified spec¬ 
trum lines. In the ultraviolet region a fluorescent sc'reeii may be 
substituted for the ground glass, or a series of test vspectrograms may 
be taken with approximately correct plate angle and focusing adjust¬ 
ments, and with different prism inclinations. After the angle that 
gives the proper spectral range has been chosen, precise focusing and 
plate-angle adjustments are accomplished as outlined in § 5.9. When 
all the procedures have been carried out and the proper settings deter¬ 
mined, these should be recorded to facilitate the making of future 
adjustments. 

In concave-grating instruments using the Eagle mounting, the 
adjustments are analogous to those described and are carried out in 
a similar manner. The concave grating corresponds to the Littrow 
prism and lens system combined. 

Precise focusing in all the above cases may be facilitated by use of 
the Hartmann test method (§ 5.5) or by a simple modification thereof 
in which aperture stops are fdaced on the collimator lens. 

5.11, Adjustment of Spectrometers. Collimators and telescopes 
with multiple movements and adjustments are provided on many 
spectrometers. The following adjustments must, in general, be made: 
(a) The eyepiece of the telescope must be set so that the cross hairs 
appear sharp to the observer; (b) the telescope must be focused so 
that parallel light is brought to a sharp image in the plane of the 
cross hairs; (c) the collimator must be focused so that the light from 
each portion of the slit is sent into a parallel beam; (d) both the 
telescope and collimator must be adjusted so that their optic axes are 
perpendicular to the axis about which the prism or grating rotates; 

(e) the prism or grating must be leveled so that the prism apex or 
grating rulings lie parallel to the axis of rotation of the prism table; 

(f) the collimator and telescope must be set for an angle of deviation 
approximately correct for the wavelength region to be observed; 

(g) the slit must be adjusted for proper width and for parallelism to 
the prism apex or grating rulings: and (h) the prism must be adjusted 
for approximately minimum deviation at the wavelength to be 
observed. Thus the use of a spectrometer often involves a compli¬ 
cated series of adjustments. Nevertheless, these adjustments are not 
difficult to make if undertaken systematically in the sequence 
indicated. 
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5.12, Adjustment of Concave Gratings. The testing of gratings is 
described in § 5.3. Methods of adjusting commercial grating instru¬ 
ments are discussed in §5.10 for Littrow and Eagle spectrographs, 
and in § 5.11 for spectrometers. Here we will consider certain more 
general problems that arise when the spectroscopist is not using a 
commercial spectrograph previously assembled by a manufacturer, 
but is confronted with the necessity of installing a grating and of 
undertaking all the adjustments himself. Such situations arise par¬ 
ticularly in the use of concave gratings of long focal length. One or 
more grating holders may be set up in a room that can be darkened, 
in which there is a permanently installed Paschen-Runge or Wads¬ 
worth mounting, or both. The slits to be used are usually mounted 
in openings in a wall of the room, so that the light sources to be studied 
may be ^daced outside the room. When the original gratings are set 
uj) or when different ones are substituted or added, a series of careful 
adjustnu nts must be made if full advantage is to be taken of available 
resolving power. 

The adjustments will be described here only qualitatively. Dis¬ 
cussions of the (|uantitative effects of each of the several adjustments 
are given in various publications^' including General Reference 5.3. 

Five principal types of mountings, described in Chapter 4, are 
used with concave gratings: Rowland, Paschen, Abney, Eagle, and 
Wadsworth. In all of these except the Wadsworth, the grating and 
plateholder are mounted on the Rowland circle. In the first three 
mountings the slit is also on the Rowland circle; this would be true 
also of the Eagle mounting were it not for the fact that light is intro¬ 
duced from a slit at the side and reflected toward the grating by a 
prism or mirror. Accordingly, grating adjustments will be discussed 
first with particular reference to the Rowland circle, and the special 
problems that arise with respect to the Wadsworth mounting will be 
considered separately. 

a. The Grating Holder. It is essential that the grating holder be 
rigidly constructed and mounted. Adjustments should be provided 
for rotating by accurately controlled amounts around each of three 
mutually perpendicular axes (Fig. 5.7). One of these axes, x, lies in 
the plane of the Rowland circle and is perpendicular to the grating 
at the center of the ruled space. A second, y, also lies in the plane of 
the Rowland circle, is perpendicular to x, and passes through x at its 
point of intersection with the grating. The third, z, is perpendicular 


* II. G. Beutler, J. Opt. Soc. Am., 35, 311 (1945). 
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to the plane of the Rowland circle and passes through the point of 
intersection of x and ?/. Thus, for the usual setup, x and y are 
approximately horizontal and z is approximately vertical. 

Motion about x rotates the grating in its own plane. Motion 
about y tilts the plane of the grating with respect to the plane of the 
Rowland circle. Motion about z rolls the grating plane about a 
vertical axis. 

Limited motions about the x and y axes may be accomplished quite 
simply by mounting the grating on a leveling table. If a leveling 
table is used, there should also be provision for rotating the grating in 
its own plane (about the x axis) for rough adjustment, and for rotating 
in this i)lane precisely through 180 deg from any starting position. 
The leveling table may be set on another table that can be rotated 
about a vertical axis (the z axis), care being taken to align the center 
of the grating with this axis. 

Other designs of grating holders that provide the required adjust¬ 
ments may, of course, be used. In addition to the provisions for 

rotation of the grating, there should be 
means of moving the holder along a line 
normal to the grating, to permit accurate 
adjustment of the distance from the grat¬ 
ing to those parts of the mechanical 
mount which must coincide with the 
Rowland circle. 

A grating must be free from strain when 
mounted, so that the curvature of its 
surface will not be altered by pressure 
from screws or springs; yet it must be 
held firmly so that when once adjusted it 
will not move. Various holders for grat¬ 
ings are described in the literature, among 
the best being those which press lightly with leaf springs 
against the front face at three points on its unruled surface, while 
three screws press from behind directly opposite the points of contact 
of the springs. In such a mounting the orientation of the grating 
can be adjusted slightly with the screws, and its weight is carried 
loosely on its base. That a grating when mounted is free from strain 
and has a good optical figure can be determined by illuminating the 
grating through a narrow slit and viewing the central image or any 
strong line at its focal point with an eyepiece; or the Foucault test 
described in § 5.8 can be used. 


2 



Fig. 5.7. The three axes 
about which motion of a con¬ 
cave grating should be pro¬ 
vided. 
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When not in use, gratings should be protected from dust, fumes, 
and other deleterious substances. This objective can be conveniently 
accomplished by designing the holder so that closure of a cover shuts 
tlie grating into a tightly enclosed compartment. It should be pos¬ 
sible to open and close this cover without disturbing the grating 
adjustment, and provision shouhl be made for mounting occulting 
masks in front of the grating, to shield portions of the ruled surface 
from illumination if necessary. 

b. Approximate Adjustments, After the grating has been mounted 
in its holder, aj)proximate adjustments should be made. These may 
be accomplished by observations, measurements, and tests with light 
beams as in the setting up and alignment of any optical system. 

Since most gratings throw the light unecpially into equivalent orders 
of the two sides of the central image, the more desirable side should 
first be found. Ordinarily one chooses the first or second order that 
is most intense in the visible region. This choice can often be made 
by holding the grating in the hand in a darkened room, illuminating it 
with the full light of a mercury lamp, and observing the spectra 
thrown on walls or ceiling. The eye is not a i)articularly good judge 
of relat ive intensities, however, so if this test does not show one order 
to be much more intense than its counterpart, photographic tests 
should be made. 

The combination of direct-intensity tests and target-pattern tests 
will ordinarily settle the question of which orders are most useful in 
a given grating for a given spectral region. Gratings tend to throw 
their light in a given direction rather than into a given order, so if 
the first order on one side is particularly bright at say 5500 A, the 
second order at 2750 A can be expected to be bright on that side. 
Target-pattern changes or decreased reflc(*ting power of the grating 
in the ultraviolet may intervene to alter this tendency. 

Once the side of the grating to be used has been chosen, the face of 
the grating should be set so that it lies approximately in a vertical 
plane tangent to the Rowland circle and at such a height that the 
xp plane is coincident with that of the Rowland circle. The grating 
should be rotated so that its rulings are approximately vertical. The 
slit should be set on the Rowland circle, with its aperture approxi¬ 
mately vertical, and at a height such that the xp plane normal to the 
grating (that is, the plane of the Rowland circle) bisects the slit 
length.* 

* An exc*eption occurs in mountings of the Eagle type, in which the slit b sometimes 
placed slightly above or below the plane of the Rowland circle. 
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It is assumed that the disposition of the grating with respect to 
the slit along the circumference of the Rowland circle has been deter¬ 
mined by the type of mounting to be used. The approximate position 
in which spectra will be formed should be known from this choice 
and from the constants of the grating (see Chapter 4). 

c. Rotation About the y Axis, The central portion of the widened 
slit should be illuminated with light from a mercury arc, and the 
visible spectra should be observed on white screens or the walls of 
the darkened room. If the spectra arc thrown above or below the 
Rowland circle, the grating should be rotated about its y axis until 
the spectra are coincident with the Rowland circle. After this 
adjustment has been made, rotation of the grating about the z axis 
should not raise or lower the spectra with respect to the Rowland 
circle if the center of the slit is accurately in the plane of the Rowland 
circle. If raising or lowering occurs, the slit height and rotation of 
the grating about the y axis should be adjusted until rotation of the 
grating about the z axis no longer causes such motion. 

While this adjustment is being undertaken, it may be necessary to 
rotate the grating slightly in its own plane (about the x axis) in order 
to bring the line of dispersion of the spectrum into parallelism with 
the plane of the Rowland circle, since the grating lines must be 
perpendicular to this plane if the spectra are to be parallel to it. 

d. Focusing the Grating, The grating is next focused approximately 
for the portion of the spectrum to be photograj)hcd. This focusing 
is accomplished by motion of the holder along a line normal to the 
grating. For the visible region, preliminary adjustment may be 
made by visual observation of the spectrum lines on a viewing screen 
in the plateholder or with an eyepiece held in the hand, but a series 
of test spectra should always be photographed to determine the best 
setting. 

Often it will be found that it is not possible to focus sharply all 
lines within the desired range along the curve of the plate (Rowland 
circle curve), because errors of run usually cause gratings to focus 
their spectrum lines along a curve slightly different from that of the 
true Rowland circle. This effect can be overcome to a considerable 
extent by rotating the grating slightly about its z axis, so that the 
plane of the grating is no longer strictly tangent to the Rowland circle. 
This adjustment is known as rolling the grating, or as setting the 
grating in aberration, since a perfect grating so rotated away from 
the true tangential position would exhibit considerable aberration. 
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Many gratings have a false focus that is easy to confuse with the 
real focus. As the target pattern narrows down to form the spectrum 
line, it splits into a constantly decreasing number of fairly sharji 
fringes of varying intensity, and in some gratings a strong fringe and 
a weak fringe pass through each other to form the spectrum line. If 
too faint an exposure is made, the strong fringe may be mistaken for 
the spectrum line itself, and for this reason typical lines should always 
be exposed up to high densities. Such exposure is also necessary to 
show the presence of satellites. 

e. Setting the Grating in Aberration. Before one starts the rolling 
adjustment (rotation about the z axis), an approximate determination 
should be made of the effect of rotating the grating through 180 deg 
in its own plane (about the x axis) on the position of the focal plane 
of the spectrum. The grating holder should be moved Jilong the 
normal of the grating until such 180-deg x-axis rotation throws the 
spectrum equal distances behind and in front of the Rowland circle. 
The grating may then be rolled on its z axis until trial indicates that 
rotation through 180 deg on the x axis causes no appreciable motion 
of the spectrum and until the spectrum is sharp along the entire 
length of the Rowland circle encompassed by the plateholder. 

f. Setting the Slit Aperture Parallel to the Grating Rulings. Finally, 
to obtain lines of the greatest sharpness, it is necessary to adjust the 
slit so that it is strictly parallel to the grating rulings. For this pur¬ 
pose it is desirable that the slit be provided with a tangential adjusting 
screw whereby small angles of rotation may be accomplished accu¬ 
rately and reproducibly. 

The effect of lack of parallelism of the slit and the rulings is to 
broaden out the spectrum lines. By using a source that yields many 
line spectrum lines, and a narrow slit, and then photograf)hing a series 
of test spectra with the slit set at slightly different angles, one may 
readily determine the optimum adjustment. 

g. Final Tests. The resolving power \/d\ of a large grating can 
readily be estimated by observing the hyperfine structure of the green 
line at 5461 A as emitted by a cool mercury arc (see § 20.1), or by 
photographing close and fine lines from an arc containing rare-earth 
salts, a source giving nitrogen bands in emission, or an iodine absorp¬ 
tion tube. Great care should be taken to see that the slit is accurately 
parallel to the rulings on the grating when resolving power is being 
tested. 

A point that has been insufficiently emphasized in the past is that 
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the effective resolving power obtainable in practice is definitely a 
function of the density of the lines produced, and that line shape may 
change markedly with density. Almost all gratings are tested by the 
makers for resolution. A common procedure is to photograph some 
line that shows hyperfine structure, such as mercury 5461 A, with 
enough exposure so that this line is brought to low or medium density. 
If close-lying components of the line are resolved, the grating is said 
to be good. However, almost all gratings produce lines not of simple 
shapes, but with many satellites grouped fairly close together. Owing 
to the nonlinearity of the curve that connects light intensity with 
plate density, the apparent shape of the line is altered as the density 
increases, and its center of gravity may be shifted. For this reason 
a grating should be tested for resolving power at all useful densities, 
some lines being overexposed. At extreme overexposures, of course, 
any grating will show false lines. 

5.13. Adjustments of Wadsworth Grating Mountings. In the 

case of the Wadsworth mounting, it is necessary first to adjust the 
distance from the mirror to the slit, so that light is rendered paralhd 
by the mirror. This adjustment may be accomplished approximately 
by inspection of the reflected light beam and somewhat more accu¬ 
rately by an autocollimating method. In the latter method, a plane 
mirror is set up so as to return the reflected light to the collimating 
mirror. The latter is turned on a vertical axis until it forms an image 
of the slit directly to one side of the slit. The collimating mirror is 
then focused until the slit image is sharp. 

After having been focused, the collimating mirror should be rotated 
about its .r, ?/, and z axes until the parallel beam of light from it is 
centered on the aperture of the grating. 

The grating adjustments are accomplished as described in the pre¬ 
ceding sections. Strict coincidence of the plate with the focal plane 
of the spectrum is obtained by the use of specially curved plaieholders. 
The rotation of the grating with respect to its z axis is usually governed 
by the fact that it is desirable to photograph the spectrum as near to 
the normal of the grating as is feasible. Since the focal curve of the 
Wadsworth mounting is not a circle, it is necessary to change adjust¬ 
ments of plate curvature and plate angle when moving from one 
region of the spectrum to another. 

5.14. Adjustment of Plane Gratings. The foregoing discussion 
applies to concave gratings. In the case of a plane grating, an 
auxiliary lens system is used, which has a single combined collimator 
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and telescope lens in Littrow mountings, and separate collimator and 
telescope lenses in other mountings. The characteristics of the lenses 
(chromatic aberration, flatness of field, and so on) and their positions 
with respect to the grating, as well as the constants of the grating, 
determine the position and shape of the focal })lane of the spectrum. 

The choice of grating and lenses, and of tlieir mechanical disposition 
with respect to one another, depends on th(‘ intended application 
of the system, as discussed in Chapter 4. For any given system, 
all adjustments of the grating except with respect to rotation about 
the y axis are analogous to those described for concave gratings. The 
7/-axis setting must be such as to obtain the desired angle of incident 
illumination on the grating, and to send the appropriate spectral 
region through the telescope lens. 

THE CARE OF SPE( TROSCOPIC EQUIPMENT 

5.15. General. Instruments should be protected from dirt and 
corrosive vapors or fumes. The spectroscopic laboratory should be 
clean and dust-free, and preferably air-conditioned. Plateholders and 
other parts that are subject to wear and possible damage during use 
should be inspected periodically. Oiling or greasing of sliding or 
rolling surfaces may occasionally be necessary. When lubricants are 
used, the surfaces should be cleaned and a small amount of oil or 
vaseline of good quality should be applied. 

Enclosures designed to be light-tight may require testing for light 
leaks. Visual inspection in conjunction with a bright source of light 
is usually the most satisfactory, but photographic tests may be helpful 
when small leaks are involved. 

5.16. Care of Mirrors, Prisms, and Lenses. The best way to keep 
mirrors, prisms, and lenses clean is to protect them from accumula¬ 
tions of dust and dirt by housing them in tight enclosures that are 
opened to the outside air only during use. Such components should 
be cleaned when necessary, but this operation must be performed with 
care, especially with first-surface mirrors and gratings. Dust may be 
removed from glass and quartz surfaces by wiping with lens paper, 
or with soft, lint-free cloth. Fingerprints should be removed with a 
grease solvent such as pure ethyl alcohol. Rock-salt lenses and 
prisms must be protected from moisture by keeping them in a dry 
atmosphere. Their surfaces should be cleaned only with dry lens 
paper or lint-free cloth. 
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The greatest care should he used in cleaning first-surface mirrors in 
order to avoid abrading or scratching the surface. Dust particles 
may be removed by careful stroking with a clean camers-hair brush. 
Light polishing with chamois or lens paper may sometimes be accom¬ 
plished without damage to the surface, but considerable risk is in¬ 
volved. Fingerprints on aluminized surfaces may sometimes be re¬ 
moved satisfactorily with a very weak ammonia solution, followed 
quickly by rinsing with distilled water. Caustic solutions dissolve 
aluminum rapidly and offer the greatest danger to aluminized sur¬ 
faces. 

5.17. Cleaning and Care of Gratings. The surfaces of grat ings are 
so easily damaged by cleaning that every pr(‘caution should be taken 
to protect them from dust, dirt, corrosive fumes, and especially from 
fingerprints. The ruled surface of a grating sliould never be touched 
with the fingers under any circumstances. If a grating is used ex¬ 
posed in a room, it is desirable that the air supply to the room be 
filtered to free it from dust. In any event, the grating should be 
covered by a tight enclosure when not in use. 

A properly housed and ])rotected grating should not have to be 
cleaned more than once in every two or three years. When cl(‘aning 
is necessary, the collodion or gelatin stripping technicpie is very 
effective for speculum gratings, but it must be us(m 1 with great caution 
on gratings ruled on aluminum or other metal films deposited on glass. 
A thin film of dissolved collodion or gelatin is poured over the rulings 
and the surrounding area and allowed to harden. The film is then 
carefully lifted at one edge and pulled off. Speculum or steel gratings 
may be immersed in distilled water to facilitate removal of the 
collodion film. Dirt particles remain embedded in the film and are 
removed with it. B(‘fore applying this method to metal-on-glass 
gratings, the strij)ping technique should be tested on a small portion 
of the unruled area to make sure that the metal film will not be 
stripped from the glass. This method should not be used to clean 
replicas. 

Dust particles are sometimes removed from gratings by stroking 
the grating gently in the direction of the rulings with a clean camers- 
hair brush or tuft of cotton. This procedure should be applied with 
caution, especially in the case of metal-on-glass rulings or first- 
surface replicas. 

Metal-on-glass gratings may be swabbed lightly with distilled 
water in the direction of the rulings. Alternatively, a very dilute 
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solution of ammonia may be used to remove stains, grease, and other 
accretions, followed quickly l)y thorough rinsing with distilled water 
to remove the ammonia solution. Wet Swabbing shouhi not be 
applied to metal-on-glass gratings or first-surface reflection replicas 
unless trial on an unruled portion has indicated that the procedure 
is safe. 

Second-surface replicas, in which a collodion cast of the master is 
mounted with rulings adjacent to the supporting surface, may be 
cleaned by wiping them carefully with cotton or lens paper. Since 
the rulings are protected, the principal reason for caution is to avoid 
scrat(*hing the collodion surface. 

The reflecting power of metal-surfaced reflection gratings deteri¬ 
orates with age. In the case of speculurn-metal gratings, this 
deterioration is due to the formation of copper oxide coatings, which 
may be removed rather effectively by dilute ammonia, as described 
above. After the first year, deterioration of the reflecting power of 
metal-surfaced gratings is not marked over a period of 10 to 15 years, 
()rovided the gratings are properly protected and cleaned periodically. 
'Phe greatest change is usually found to be a decrease in ultraviolet 
reflection. 
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CHAPTER 6 


Illumination of the Spectroscope 


When one arranges the illumination of a spectroscopic 
system, it is important to remember tlie following points: 

1. To take advantage of the theoretical resolving power of tlic 
system, the full width of the prism, ruled grating surface, or other 
dispersing device should be filled with light (except insofar as optical 
defects in the system need to be masked out). 

To achieve minimum times of exposure in using spectrographs or 
to obtain maximum radiant power in the spectra formed by si)ec- 
troscopic instruments, it is essential (a) that the full aperture of the 
system be filled with light and (b) that the source employed have the 
highest practicable radiance (radiant powiT output per unit solid angle 
per unit area of emitting surface) within the desired spectral range. 

3. To achieve accuracy in sjiectrophotometric procedures, quan¬ 
titative emission analysis, and various other spectroscopic applica¬ 
tions, it is frequently necessary that the slit of the spectroscopic^ 
system be illuminated uniformly throughout its length. 

In particular situations, it is .sometimes necessary to effect a corn- 
promi.se in which one or more of these conditions are not fulfilled as 
completely as might be desired. 

6.1. Coherent and Noncoherent Radiation. When one considers 
the illumination of spectroscopic systems, it is convenient to di.stin- 
guish between coherent and noncoherent radiation. In coherent 
radiation, there are definite phase relationships between radiation at 
different positions in a cross section of the radiant energy beam, 
whereas in noncoherent radiation the.se relationships are random. 
For example, a slit is filled with approximately coherent radiation 
when it receives light from a small distant source, because every 
portion of the slit is then illuminated by the light from each radiating 
atom or molecule of the source. On the other hand, a slit which has 
an image of the source formed on it is filled with approximately non- 

118 
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coherent radiation, since each point of the slit is then illuminated 
essentially by a single point of the source. 

In practice, the illumination of any surface or aperture is never 
completely coherent or noncoherent, but the approximation to one 
of these two extremes may be very close. The importance of distin¬ 
guishing between the extremes arises from the fact that radiation 
from coherently illuminated apertures or surfaces may give rise to 
interference phenomena, whereas such phenomena do not occur if 
the illumination is noncoherent. 

The computation of the theoretical resolving power of dispersing 
components, for example, prisms and lenses, is usually based on the 
assumption that they are illuminated with radiation that is coherent 
throughout the entire width of their dispersing surfaces (see Chapters 
3 and 4). This assumption is strictly true only if the dispersing 
component is illuminated by radiation originating from a point source 
or an infinitely narrow slit. In practice, the slit always has finite 
size. If the illumination of the slit itself is noncoherent, the illu¬ 
mination of the dispersing component will be nearly coherent if the 
optical paths from the two edges of the slit to the dispersing com¬ 
ponent do not differ by more than about one-fourth the wavelength 
of the radiation used. If the illumination of the slit is coherent, the 
same approximation to coherence at the dispersing component is 
achieved with path-length differences from the two edges of the sht 
of about one-half wavelength. Thus a coherently illuminated sht 
may be made approximately twice as wide as a noncoherently illu¬ 
minated one for equally effective achievement of the maximum 
resolving power of a dispersing system illuminated by the slit. 

6.2. Spectral Line Shape and the Rayleigh Criterion for Resolu¬ 
tion. The expressions for the theoretical resolving power of spec¬ 
troscopic systems given in Chapters 3 and 4 were based on the 
assumption that the entrance slit is equivalent to an infinitely narrow 
light source and that the broadening of the slit images in the spec¬ 
trum, which limits the resolving power X/dX, is due entirely to 
diffraction effects. In addition, aberrations and imperfections in 
optical components may cause diffuseness, broadening, or irregularity 
in the slit images and may thereby reduce the realizable resolving 
power. Moreover, since the slit is never infinitely narrow, it is 
necessary to take into account the effect of slit width on effective 
resolving power and spectral purity. 

The intensity distribution of a spectrum line, as produced by a 
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spectrograph of high resolving power, is somewhat like that shown 
in Fig. 6.1. No definite width can be set for such a line, so it is 
customary to use instead the half-intensity breadth h, or breadth at 
the intensity which is half that at the maximum. The observed 
intensity distribution of the line is governed by two factors: the 
distribution of energy in the line as a function of wavelength, which 
is determined by the emitter, and the distribution of monochromatic 
radiation along the spectrum, wdiich is determined by the spectro¬ 
scopic apparatus. Each approximately monochromatic section of the 
true line shape is subject to the “apparatus broadening,” and the 

resulting sf)ectrura line is the sura of all 
these sections taken together. Of con¬ 
siderable effect on this line sha})e are 
the width of the slit being used and the 
mode by which it is illuminated. 

Any definition of what constitutes 
the limit of resolution between [)artially 
overlapping spectrum lines is arbitrary. 
The Rayleigh criterion, previously 
referred to, states that two images of 
infinitely narrow line sources, or point 
sources, are to be considered resolvable when they are separated by 
such an amount that the central diffraction maximum of one falls on 
the first diffraction minimum of the other (Fig. 6.2). If the maxima 
are of equal intensity and if the intensity curves as a function of 
distance from the central maxima are of such shape as would be ex¬ 
pected from elementary diffraction theory, the intensity midway 
between the maxima is about 82 per cent of that at either maximum. 

The Rayleigh criterion provides a good working rule as to what 
may be expected in the ability of the eye or of the photographic plate 
to separate two neighboring diffraction maxima. The actual separa¬ 
tion of the maxima required in order that they may be distinguished 
as separate depends upon a variety of factors, including (a) the re¬ 
sponse of the light receptor, such as the eye, a photographic plate, or 
a photoelectric device, to variations in intensity; (b) the shapes of 
the intensity curves in the diffraction patterns; (c) the relative inten¬ 
sities of the diffraction maxima; (d) the effects of imperfections in 
optical-image formation as a result of mechanical vibrations, optical 
aberrations, and defects in the optical system; and (e) the effects of 
grain size or other resolution-limiting characteristics of the receptor. 


b 



Fig. 6.1. Intensity distribu¬ 
tion of a typical spectrum line at 
high resolution; b, half-inten- 
sity breadth. 
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The general prol)lera of criteria of resolving power has been con¬ 
sidered in detail by several workers.^ For our purposes it will be 
sufficient to use the Rayleigh criterion as one that is convenient and 
closely in agreement with average practical experience. 

6.3. Selection of Optimum Slit Width. Sup}>ose the slit to be 
illuminated by light from a source that yields two monochromatic 
spectrum lines of equal intensity and of just sufficient difference in 
wavelength, dX, to be resolvable by the spectroscopic system, accord¬ 
ing to the Rayleigh criterion. Suppose the slit to be opened very 
slightly, say to a width such that its optical image in the plane of the 
spectrum fas determined by geometrical optics) is one-twentieth the 
width of its observable pattern. 

Two diffraction patterns, corre¬ 
sponding to tlie two spectrum 
lines, will appear side by side in 
the spectrum, each with an 
intensity-distribution curve ap¬ 
proximately that shown in Fig. 

6.!^. The central diffraction 
maximum of each pattern will 
lie over the first minimum of 
the other pattern, as in Fig. 6.2, 
since it has been assumed that 
the separation of the f)atterns is 
just such as to satisfy the Rayleigh criterion of resolution. 

Let us now consider one of these diffraction patterns only (say A 
in Fig. 6.2) and examine the effect on it of increasing the slit width. 
Sui)pose the slit is opened symmetrically to three times its original 
width—that is, to a width such that its optical image is three- 
Iwentieths the width of the original diffraction pattern. If the slit 
is illuminated with noncoherent radiation—that is, if there are no 
definite and continuing phase relationships between radiation coming 
from different portions of the slit—the effect will be as though a new 
slit were placed on each side of the original slit, all being of equal 
width. We can consider each of these new slits as contributing its 
own diffraction pattern but displaced to the right and to the left of 
the original pattern by one-twentieth the distance between the 

* The following papers include references to earlier work: B. P. Ramsey, E. L. 
Cleveland, and W. A. Bowen, Jr., Jo?/r. OpL Soc. Am., 32, ^88 (194!^); B. P. Ramsey, 
O. T. Koppius, and E. L. Cleveland, Jour. Opt. Soc. Am., 31, (1941). 



Fig. 6.2, Rayleigh criterion for the 
resolution of spectrum lines. The cen¬ 
tral diffraction maximum of line A falls 
upon the first diffraction minimum of line 
at the limit of resolution as defined by 
the Rayleigh criterion. 
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miniraa. The new intensity distribution may be obtained by sum¬ 
ming up the three distribution curves. If this is done it will be 
found that the effect of increasing the slit width by three times has 
been primarily to increase the intensity of the central maximum by 
approximately three times without broadening the intensity dis¬ 
tribution curve materially and, therefore, without substantially 
influencing the separation recpiired for resolution. 

As the slit is widened further, the central maximum continues to 

increase in intensity but at a pro¬ 
portionately lesser rate. Finally, 
when the slit is sufficiently wide to 
give a geometrical image of about 
half the width of the original diffrac¬ 
tion pattern, as measured between 
the two minima lying at either side 
of the central inaxiniiirn, further 
increase in slit width contributes 
negligil)ly to the intensity of the 
central maximum. Idle principal 
effect of further opening of the slit 
is to increase the effective width of 
the diffraction pattern and thus 
to increase the wavelength differ¬ 
ence necessary in order that two 
neighboring spectrum lines may be 
separated. 

Figure 6.3 shows the variation of 
the intensity of the central maxi¬ 
mum and of the line breadth with 
slit width, in accordance with the 
theoretical results of van Cittert.’ 
Curves arc given for cases in which 
the slit is illuminated by noncoherent and coherent radiation, 
and results for any actual case will usually lie somewhere between 
the two sets of curves. 

In particular, one should note that for any spectrograph there is a 
critical slit width, corresponding to an optical image about one-fourth 
to one-half the width of the central diffraction maximum, beyond 
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Fig. 6.3. Variation of intensity, 
/, of the central diffraction maxi¬ 
mum, and of the half-intensity line 
width, L, as a function of the slit- 
width factor 1^. (i = D/\f, where 
D is the slit width, X is the wave¬ 
length and / is the aperture ratio of 
the collimator lens. The subscripts 
c and nc refer respectively to co¬ 
herent and noncoherent illumination 
of the slit, values for which are from 
van Cittert*. 
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which the peak intensity of a spectrum line is influenced but little 
as the slit is widened, whereas its breadth increases greatly. Under 
circumstances where inaxiniurn resolution is desired without undue 
iruTcase in time of exposure, one should use this rriti(‘al slit width. 
This width can be calculated from the formula D = /3/X, where D is 
the width of the slit, X is the wavelength considered, and / is the 
numerical aperture of the system, usually taken as the focal length 
of the collimator lens divided by its diameter. The factor 0 lies 
between 1 and 2, l)eing approximately 2 for coherent radiation and 
1 for noncoherent (see Fig. (5.3). Thus, for a prism spectrograph 
having a collimator lens of 5 cm diameter and of 40 cm focal length 
(/ = 40 5 = 8), the critical slit width for X 5000 A is 40,000 A or 
0.004 mm for noncoherent radiation and 0.008 mm for coherent. 
Because a wide range of wavelengths is usually involved and the 
radiation is likely to be a mixtiire of coherent and noncoherent, in 
any actual case it is best to calculate the approximate critical slit 
width, set the slit at some value less than this, and then gradually 
widen the slit while observing the illumination behind the slit on a 
white card. As the critical slit width is reached, a considerable 
increase in brightness is observed, beyond which the brightness* 
increases very slowly. 

Another procedure makes use of the diffraction pattern produced 
by the slit itself upon illumination with coherent light. The central 
maximum of this pattern just fills the collimator with light when the 
slit is sufficiently narrow to produce a geometrical image half as wide 
as the half breadth b of the spectral diffraction patterns.* The slit 
is illuminated by an approximately point source placed on the optic 
axis at a distance of 25 cm or more. Starting with a slit width too 
great to fill the collimator with light by diffraction, the observer 
narrows the slit until, on looking through the system from the position 
of the spectrum, he sees the central diffraction maximum fill about 
two-thirds of the collimator. 

The above adjustments must be made with visible light. Since 
the appropriate slit width for the condition desired depends upon the 
wavelength, this factor should be taken into account in making 
proportionate adjustments for the wavelength region to be employed. 

When maximum resolution is desired, it is customary to try first 
a slit width corresponding to an optical image about one-fourth to 

* This statement is true only when the collimator and the dispersing element have 
the same effective aperture, which is usually the case. 
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one-half the width of the diffraetion pattern. Theoretically, this 
width should ^ive a good compromise between maximum line inten¬ 
sity and best possible resolution. One then exf)eriments with slightly 
different slit widths until the best results are obtained. 

The effects of slit width on spectral purity for the noncoherent and 
coherent modes of illumination have been considered theoretically 
and exj)erimentally by several workers, including Schuster,*^ van 
(^ittert,“ Miinster,'^ and Stockbarger and Burns.*’ Precise analyses 
from the standpoint of diffraction theory are of limited applicability 
to practical cases, both because the illumination of the slit is in 
practice never completely coherent or incoherent anfl because effects 
other than diffraction, such as aberrations, influence the practical 
results. 

6.4. Filling the Aperture of the Spectroscope with Light. When 
the slit is wide enough so that diffraction eff(‘cts may be neglecTed 
(slit width > light may be considered as traveling in straight 

lines through the slit to the collimator, and the conditions for filling 
the aperture of the spectroscope with light may be determined by 
sim})le geometrical considerations. It will be assumed (a) tliat the 
entire effectivx' width of the collimator must be filled with radiation 
to achieve maximum resolution, and (b) that the entire apertur(‘s of 
both slit and collimator must be filled to achieve maximum trans¬ 
mission of radiant power into the s})ectrum. Sometifiu's the design 
of tlic system is such that some component otlier than the collimator, 
such as a })rism or telescope lens, acts as a limiting afHTture stop, 
thereby reducing the area of the collimator aperture that can con¬ 
tribute effective radiation to the system. In such cases it is the 
effective ay)erture of the collimator, as limited by the smallest aperture 
stop or dispersing element in the system, that must be illuminated. 
If lK)th slit and collimator are filled with light, no additional system 
of lenses or mirrors will increase the total radiant flux through the 
system. 

The entire spectroscope aperture will be filled with radiation when 
lines drawn from any position within the effective area of the col¬ 
limating component through any portion of the slit intersect an 
emitting area of the source. The angle that must be filled with 

® A. Schuster, Theory of OpHcs. lx)ndon: Edward Arnold, 1909. Also Astrophys. 
Jour., 21, 197 (imi.'i). 

< C. Miin.ster, Anv. <l I’hy.vk. 15, 019 (1932). 

® D. C. StfK'kbflrper and L. Burns, Jour. Opt. fJoe. Am.. 23 , 379 (19.33). 
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radiat ion in any plane passing through the optic axis of the collimator 
is defined by the most oblicpie rays that can be drawn from the edges 
of the effective aperture of the collimator past edges of the slit (for 
example the solid lines in Fig. 6.4). 



(b) 


Fig. 6.4. Geometrical condition for filling the spectroscope aperture with light, 
(aj Section uf collimating system in plane perpendicnilar to slit, (b) Section of 
collimating system in plane parallel to slit. 

Many sources arc too small to fill the limiting angles with radiation 
even when i>laced close to the slit, or they cannot be placed close 
enough to the slit to fill the collimator. (Condensing lenses of suffi¬ 
cient aperture (Fig. 6.5) are then used. 



Fig. 6.5. Use of condensing lenses to fill the spectroscope aperture with light 
when the source is too small to accomplish this ptu^ose. (a) Spherical condensing 
lens, (b) Two cylindrical condensing lenses. 
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6.5. Use of a Condensing Lens or Mirror. In many uses of ilie 
.spectroscope, an image of the source is formed on the slit witli a 
condensing lens. If the lens is to be used throughout the visible and 
ultraviolet, it may conveniently be an achromatic trifdet with two 
outer com})onents of ([uartz and an inner (‘omponent of fluorite. A 
simple cjuartz lens, which has small chromatic aberration in the 
visible, or a glass achromatic lens, will serve for the visible. The 
jnoblem of chromatic aberration is eliminated if a sj)herical concave 
mirror is used (preferably one coate<l with aluminum for the visible 
and ultraviolet), but the geometry of the condensing system is not so 
convenient as with a lens. 

When an image of the source is formed on the slit of a stigmatic 
sp('ctrosco]>e, the spectrum lines will not be of uniform intensity 
throughout, since different parts of the source will contribute to 
ilifferent parts of each line. An astigmatic sf)ectroscope will tend to 
diminish these differences and produce more uniform and better 
appearing lines. These do not, liowever, reveal so much information 
regarding variation in radiation from different })arts of the source. 

The approximate linear dimensions of the source or condensing 
lens required to fill the effective aperture of the collimator may be 
computed as follows. Let the foc;al length of the collimating com¬ 
ponent be F and its aperture ratio / = F d, where d is the width of 
this component. Let the length of the slit be / and the dislance from 
the source—or from the condensing lens if one is used—to the slit be x. 
The width of the slit may be neglected in this computation. If the 
required dimension of the source or condensing lens in the direction 
parallel to the slit is called the height //, then, to a first approximation, 

// = z|+/(p+ l) (6.1) 

If X is small in proportion to F, the second terra in this equation is 
approximately equal to the slit length, 1. If the required dimension 
of the source or condensing lens in the direction perpendicuLar to the 
slit is called IT, then 

W == Xj, (6.2) 

Thus for a collimator lens of ai)erture ratio/ 10 and of 25 cm focal 
length, a slit length of 0.4 cm, and a sourcc-to-slit distance of 10 cm, 
H = 2.72 cm and W = 2.0 cm. 

If maximum resolution is the primary consideration, coherent 
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radiation should fill the aperture of the dispersing element in the 
plane perpendicular to the slit. Filling the aperture in the plane 
parallel to the slit also is essential if maximum radiant power is to be 
transmitted into the s])ectrum, but coherence is not so important 
in this direction. 

The aperture required to fill a collimator with light thrown onto the 
slit by a condensing lens or mirror may be computed most readily 
for the simple case in which the distance from the source to the con¬ 
densing lens is the same as that from the condensing lens to the slit. 
Then, in the horizontal plane, if a broad slit is used, the/ number oi 
numerical aperture of the condensing lens must be half that of the 
collimator lens to fill the collimator with light. If complete filling 
with light is desired in the vertical plane, the / number of the con¬ 
denser must be still less than one-half that of the collimator. This 
setup, giving unit magnification, is frequently used with sources about 
equal to the slit in length. Often, however, it is desired to form an 
enlarged image of the source on the slit because the length of the 
useful emitting area of the source is less than that of the slit In 
such instances, the / number of the condensing lens for complete 
filling of the spectroscope aperture must be smaller than for unit 
magnification. Conversely, if less than unit magnification is per¬ 
missible, complete filling of the spectroscope aperture with light may 
be accomplished with a condenser of greater/ number than is required 
for unit magnification. Application of the simple lens formula en¬ 
ables one to determine the slit-to-condenser distance, Xy for these 
various cases, after which the size of lens required may be computed 
from Eqs. (6.1) and (6.2). 

With arc and spark sources, a magnification of about fourfold is 
ordinarily found convenient to keep the collimator and dispersing 
element filled with light while the arc and spark wander. 

There is no objection to using a condenser lens of more than suflS- 
cient aperture to fill the collimator, provided the light sent into the 
spectroscope at an angle greater than that necessary to fill the col¬ 
limator is not scattered into the spectrum. Where scattered light is 
apt to be troublesome, it is important to stop the condenser down 
until it just fills the collimator with light. 

6.6. Uniform Illumination of the Slit. Uniformity of illumination 
of the slit along its length is sometimes important, as in certain 
methods of photographic photometry and in quantitative emission 
analysis. In other applications, for instance in studying with a stig- 
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matic spectrograph the spectral emission from different areas of a 
source, it is important that the slit illumination he not uniform but 
rather that an image of the source he formed on the slit. 

Nearly uniform slit illumination may he attained hy using a small 
source, without a condensing lens, placed at a considerable distance 
from the slit (for example, a 0.5-cm source at 25 cm source>to-slit 
distance). With this arrangement, each point on the source illu¬ 
minates every point on the slit, with negligible variation in intensity 
as a result of variation in angle at which different rays are emitted 
from the source or of differences in path lengths along different rays. 
This method does not take full advantage of the resolving power of 
the spectroscope system unless the slit is narrow enough to fill the 
collimator with diffracted light. Also, since only that part of the 
slit length is used which subtends the angle of the collimator at the 
source, the uniform lines produced are apt to be short. 

Uniform slit illumination may b(‘ obtained more satisfactorily by 
tlie use of a condensing lens placed immediately in front of the slit 

(Fig. O.ff). The source is placed at 
such a distance from the condens¬ 
ing lens that an image of the source 
is formed on the collimator. Each 
portion of the source illuminates 
the entire condensing lens, and 
hence the entire length of the slit. 
Such illumination is not precisely 
uniform, since the path length 
and angle of emission vary slightly 
for rays to different points on the lens, but this effect is almost com¬ 
pletely averaged out in the summing up of illumination from all 
portions of the source. The method is less wasteful of light than the 
previous one, and the full aperture of the spectroscope will be filled 
with radiation if the source is magnified to fill the collimator. 

A third method of uniform slit illumination involves the use of a 
cylindrical condensing lens placed with its axis parallel to the slit 
(Fig. 6.7) at such a position that rays in the horizontal plane focus 
an image of the source on the slit but rays in the vertical plane pass 
through the lens approximately undeviated. If the diameter of the 
cylindrical lens is sufficient, this arrangement fills the width of the 
collimator with, radiation and thereby enables the attainment of 
optimum resolution. 


Condensing lens 


;DOurce 


Slit 


Collimator 
lens 

Fig. 6.6. Use of a spherical con¬ 
densing lens immediately in front of 
the slit to achieve uniform slit illumi¬ 
nation. 
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One can obtain uniform slit illumination and at the same time fill 
both slit and collimator with radiation by using two cylindrical 
lenses, as in Fig. 6.8. This method is due to G. Hansen. The first 
lens is so chosen as to throw a vertical line of light on the slit, focused 
only in the horizontal direction. The second lens, placed at the slit 



Fig. 6.7. Use of cylindrical condensing lens immediately in front of the 
slit to achieve uniform slit illumination. 

with its axis horizontal, throws an image of the source on the col¬ 
limator as a horizontal band of light focused in the vertical direction 
only. With such a system, the maximum resolution of the prism or 
grating is available, since it is filled with coherent light across its 
breadth and both slit and collimator are filled with radiation. 



Fig. 6.8. Use of two cylindrical lenses to obtain uniform slit illumina¬ 
tion and maximum total illumination. 

Desirable focal lengths for the two cylindrical lenses may be com¬ 
puted as follows. The horizontal lens at the slit should fill the col¬ 
limator vertically. To obtain this result when an arc or spark is used 
often requires at least fivefold magnification (tenfold might be better 
but is less practicable). Substituting the slit-collimator distance as v 
in the lens formula 1/F = l /u + \/v and in the relation v = 5m, we 
have, in the case of a 21-ft grating, = ^1 ft. (approximately), 
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M = 50 in., and F = 4*2 in. Here u is the distance from source to 
slit and equals u! + F for the vertical lens which is to focus the 
source on the slit horizontally. Since it is convenient to magnify 
an arc or spark about four times on the slit, v' = 4w'; and since 
f)' u' — 50 in., u' ~ 10 in. and v' = 40 in. Substituting again in 
the lens equation, we have F\ the focal length of the first cylinder, as 
8 in. If quartz cylindrical lenses are used, they will serve without 
correction through the visible and into the ultraviolet. For wave¬ 
lengths shorter than 3500 A they may be refocused or different lenses 
may be used, but ordinarily one set of lenses will serve from 2000 to 
10,000 A, since the collimator focusing need be only approximate. 

6.7. Hlumination of the Slit by a Source Extended in Depth. The 
illumination of the slit by a source of extended depth occurs in Raman 
spectroscopy and in the use of such sources as a hydrogen discharge 
tube viewed end on. It is important to obtain the most effective 
slit illumination under these conditions, since the radiance of any 
particular section of such a source is usually low. This problem has 
been considered by Wood*^ and by Nielsen.^ 

Usually, so little absorption or scattering of the radiation by suc¬ 
cessive layers along the axis of the source ocxairs that a considerable 
depth of the source may be made to contribute to the illumination 
of the slit. If the end of the source is placed close to the slit and if 
the various sections are extended enough so that each fills the full 
aperture of the spectroscope system with light, the available radiation 
will be used effectively. The length of the source is often so great in 
proportion to its width that layers some distance from the slit are 
not of sufScient area to fill the spectroscope aperture with light. 
Under such conditions, a condensing lens may be used and the 
optimum conditions of illumination determined by trial. One should 
start with a setup in which the farther end of the source is focused on 
the slit and then move the condensing lens to bring various sections 
of the source into focus until maximum brightness of the spectrum 
is obtained. 

6.8. Illumination to Obtain Maximum Radiant Intensity or 
Total Radiant Power in the Spectral Image. It is often desirable to 
obtain either (a) the greatest possible radiant intensity (radiant 
power per unit area) or (b) the greatest possible radiant power in the 
spectral image. These two requirements should be distinguished 

W. Wood, Physical Optics. New York: The Macmillan Company, 1934. 

^ J. R. Nielsen, Jour. Opt. Soc. Am., 20, 701 (1930); 37, 494 (1947). 
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clearly from each other, .since they may be accomplished in different 
ways. 

The need for maximum radiant intensity in the spectral image 
occurs most frequently in spectrography, and to a somewhat more 
limited extent in photochemical and photohiological investigations by 
means of monochromatic radiation. In s])ectrography, the required 
exposured time is an inverse function of the radiant power per unit 
area incident upon the photogra|)hic plate. Ohvdously, intensity is 
what is wanted in this case, since tin* area of j)late illuminated by a 
spectrum line is likely to be of secondary importance. If the re- 
c(‘ptor is a photocell, on the other hand, and if all of the incident beam 
is iiitereef)ted l)y the cell no matter what the optical arrangement, 
the radiant ])ower rather than the intensity is of importance. In the 
first ease it might be of advantage to use a camera lens of shorter 
focal length than the collimator lens, to reduce the area of each 
s[)ectrum line and hence increase its intensity, whereas in the second 
case this lens would merely increase the difficulty of separating lines, 
the total radiant power for a given spectral range remaining the same. 

Four factors determine the total radiant power available within a 
given wavelength range of the spectral image: (1) the radiant power 
f)(T unit solid angle per unit projected area of the source, a factor 
known as the; steradiancy; (‘^) the area of the source effective in 
illuminating the spectrum; (3) the solid angle of radiation from the 
source effective in illuminating the spectrum; and (4) the trans¬ 
mission factor, /?, of the spectroscopic system as determined by 
absorption and reflection losses, etc. These factors will be con¬ 
sidered in the above order. 

For any particular wavelength, the limit to the brightness (radiant 
power per unit solid angle per unit area) of the spectral image is 
determined by the steradiancy of the source at that wavelength. 
This limit arises from the fact that it is impossible with any optical 
system to form an image of a source that is brighter, or of greater 
steradiancy, than the source itself. 

Lenses or mirrors may, of course, be used to form enlarged or 
reduced images of the source. The ratio of the area of the image, a 2 , 
to that of the object, Uj, is the same, however, as the ratios of the solid 
angles, W 2 and coi, within which the radiation leaves the source and 
enters the image. Thus if a 2 is less than Ui, more radiant power per 
unit area is delivered into the image than is collected from the source, 
but this increased power per unit area of the image is accompanied 
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by a proportionate increase^ in the solid angle through which the 
radiation illuminates the image (see Fig. (5.9). Insofar as geometrical 
considerations are concerned, the radiant power per unit area per 
unit solid angle entering the image therefore remains constant, and 
no gain in brightness or steradiancy would be accomj)lished by form¬ 
ing a reduced image. In practice, some loss in steradiancy is always 
to be expected when an image is formed, as a result of reflection or 
absorption losses in the image-forming components. These con¬ 
siderations show that for the greatest brightness of the spectral image 
it is essential to select from otherwise suitable sources the one having 
highest steradiancy in the wavelength region of interest (see Chaj)- 
ter 8). 

Once a source of the highest practicable steradiancy has been 
chosen, the next .step in achieving maximum useful radiant power in 
the spectral image is to make use of cones of radiation, each of which 
will fill the entire aj)erture of the spectroscopic system, from as large 



Fig. 6.9. To illustrate that the steradiancy is not increased by forming 
a reduced image of a source (see text). 

an area of the source as feasible. The simplest case to consider is 
one where the source is placed in juxtaposition to the slit, so that the 
slit itself effectively acts as the primary source of radiation. Every 
point on an area of the source corresponding to the slit opening will 
then illuminate the entire aperture of the spectroscope system (pro¬ 
vided the source radiates through a suflSciently wide angle, which is 
usually the case). Gain in illumination can then be achieved by 
widening the slit up to the point at which the slit width equals the 
source width, but this gain is obtained at the expense of loss in 
spectral purity. In general, there will be some limiting slit width, 
determined by the required spectral purity, beyond which it is not 
feasible to go. 

If the source cannot be placed in juxtaposition to the slit, a con¬ 
densing lens or mirror may be used, as described in § 6.5, to form an 
image of the source on the slit. If we assume that the slit has been 
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opened to the maximum width allowable, the greatest radiant power 
is then transmitted into the system when (a) the source image is just 
sufficiently large to cover the slit opening and (b) the condensing lens 
is large enough to fill the aperture of the spectroscope system with 
radiation. The pro])er focal length and size of condensing lens may 
be computed as described previously. 

Th(‘ fourth factor mentioned above, namely the transmission 
factor B, is fixed by the choice of the spectroscopic system to be used 
and cannot be altered greatly by the method of illumination. 

6.9. Factors Governing the Radiant Power Transmission of a 
Spectroscopic System. In the preceding section, it was assumed that 
a particular sj)ectroscGpic system was to be used, and the illumination 
conditions necessary to transmit maximum radiant power into the 
spectral image were considered. If some choice between spectro¬ 
scopic systems is possible or if a new system is to l)e designed, it may 
be of considerable importance to consider the factors that determine 
the total radiant power which can be transmitted by various types 
of spectroscopic systems under optinuim conditions of illumination. 

As is discussed in § ().P2, for a given spectral purity the amount of 
radiant j)ower that can be transmitted by any s])ectroscopic system is 
<lirectly pro])ortionaI to the f)roduct of the effective area of the dis¬ 
persing com[)onent, .1, the angular dis})ersion, (10 d\, and the trans¬ 
mission factor B (determined by absorption and reflection losses, as 
stated in §6.8), provide<l th(‘ open area of the slit and the entire 
aperture of the system are filled with radiation. Thus, if dO d\ and 
B are constant, the radiant [)ower transmission of a spectroscopic 
system can be increased roughly as the square of its linear dimensions 
by scaling it up. Theoretically, a size can be reached, of course, 
beyond which further increase results in such large slit openings and 
ajKTtures that it is imj)racticable to fill these with light with usual 
sources and condensing lenses, but such limits are seldom reached 
in practice. 

It is important to note again the difference between total radiant 
power and intensity in the spectral image. For a spectroscopic 
system of given power transmission, the intensity of the spectral 
image may be increased, within limits, by concentrating the spectrum 
on a smaller area through the use of a telescope of shorter focal length 
than the collimator. In a s})ectrograph for photographing weak 
sources, this effect may be advantageous, but the extent to which the 
ratio of telescope to collimator focal lengths can be decreased is limited 
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either (a) by the smallness of the spectral image which is acceptable or 
(b) by the maximum obtainable relative aperture of the telescope.* 

Before considering in greater detail the factors involved in the 
radiant power transmission of sj)ecTroscopic systems, the effect of 
slit width on spectral purity will be discussed. 

6.10. Effect of Entrance Slit Width on Spectral Purity. In several 
types of photographic photometry, it is convenient to use a slit wide 

enough to produce a flat toj) on 
the widest s])cctrum line to be 
measured. Figure 6.10 shows 
the contours of a spectrum-line 
image, first with a narrow slit 
(a) (b) iind then with a wide slit. If 

Fig. 6.10. Spectrum-line contours, (a) I"" c-oinpared in 

For narrow slit, (b) For wi<le slit. intensity, the marked variation 

in intensity throughout the 
width of the line image requires careful measurement in the first 
case. In the second case, the flat-topped portion of each line contains 
a contribution from every part of its contour, and hence a single 
measurement on this flat-topped portion gives a value that is pro¬ 
portional to the intensity of the line. Widening the slit so as to 
obtain a flat-topped image results, of course, in some loss of effective 
resolving power, but this can usually be tolerated without serious 
diflSculty in such applications as quantitative emission analysis. 

Slits wider than those which give optimum resolution must also be 
used with many spectrometers and monochromators employed for 
spectrophotometry, photochemical investigations, and similar uses. 
In such applications, the transmission of large amounts of radiant 
Y^ower into the spectrum is often essential, and it is customary to use 
entrance slit widths many times those required for maximum reso¬ 
lution. 

In most applications involving wide slits, the slit width is such 
that its image is many times the width of the central diffraction 
maximum. Under these circumstances, the contributions of diffrac¬ 
tion to the slit image may be neglected, and it may be assumed that 
the spectrum consists of optical images of the slit formed according 
to the ordinary laws of geometrical optics. If the plane of the spec- 

* As the focal length of the telescope is decreased, its diameter must be kept constant 
if it is to acc«pt the full light beam from the collimator, and thus its relative aperture 
muat be increased. 
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trum is perpendicular to the axis from it to the collimator (that is, if 
no plate tilt is necessary), the size of the optical image is equal to 
that of the slit multiplied by the magnification of the optical system. 
This magnification equals F^^Fu where F\ and F^ are, respectively, the 
focal length of the collimator and telescope. Thus if w and are, 
r(*spectively, the width of the entrance slit and its image, and I and 
/' are, respectively, the lengths of the slit and slit image, then 


, F, 

w = w y, 

1 1 

h\ 


(6.3) 

(6.4) 


Or, since the slit area a and the image area a are, respectively, equal 
to irl and u/l\ 

^F.>v 




(6.5) 


If the spectral plane is appreciably inclined to the axis of the col¬ 
limator, the slit images will be broadened as a result, the broadening 
factor })eing e((ual to the cosecant of the angle of inclination. 

When a wide slit is used to form images of widths w/ and 
of two spectrum lines of wavelengths Xi and X 2 , the line images 
will just be sef)arated in the spectrum, without overlapping, when 
= A/, where Al is the distance l)etween the positions in 
t he spectrum corresponding to Xi and X 2 as observed with narrow slits 
corresponding to maximum resolution. In instances such as a 
mercury-arc spectrum in which the spectrum lines are widely sep¬ 
arated in wavelength, exceedingly wide entrance slits may therefore 
be employed without causing overlap of the slit images, and this fact 
is often made use of when monochromators are required to supply 
large amounts of nearly monochromatic radiant power. 

If wide slits are used with a continuous sj)ectrum, there will be an 
overlapping of slit images corresponding to an appreciable range of 
wavelengths at each position in the spectrum. The simplest case is 
that in which the linear dispersion is approximately independent of X 
and the spectral plane is approximately per])endicular to the rays 
from the telescope, as in the case of normal spectra formed by diffrac¬ 
tion gratings. The wavelength interval, AX, in the spectrum covered 
by a single slit image may then be computed as follows: If the angular 
dispersion is dB/d\ and the focal length of the telescope is F 2 , the 
linear distance in the spectrum corresponding to the wavelength 
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difference AX is A\(dd/dXF)2- This value, however, also represents 
the width, w\ of the slit image. Hence 

w' — A\F2^ (6.6) 


But from Eq. (6.3), iv' — Fi), where w is the slit width, and 

therefore 


2V 


w' 


F^ 

F, 


— AX F 2 


Fj^(je 
/ 2 dX 


w = AXFi 


(Id 

dX 


(6.7) 


AX = - 


F 


' do 

'dX 


( 6 . 8 ) 


Within the width, of the slit image, there is therefore partial 
overlapping of other slit images corresporiding to a range of wfive- 
lengths 2AX; for if X,n is the wavelength corresponding to the middle 
of the slit image, images Wo and Wz corresponding to wavelengths 
Xm + AX and Xm — AX will be displaced just sufficiently so as not to 
overlap the Xm image at all. For intermediate wavelengths, there 
will be intermediate amounts of overlap of the corresponding imageif 
with that due to Xm- 

6.11. Effect of Exit Slit. In monochromators, a portion of the 
spectrum is isolated by an exit slit so that this portion only passes out 
of the system. If a line source is used and the entrance slit is narrow 
enough so that the images of the lines do not overlap (see § 6.10), the 
exit slit may be made the full size of the line image in the spectrum 
plane without passing radiation of other wavelengths except insofar 
as scattered radiation is concerned. As pointed out in § 6.10, if a 
continuous source is used, there is always considerable overlapping of 
slit images corresponding to different wavelengths, provided the 
entrance slit is of appreciable width, and the radiation passing out of 
the exit slit will therefore always be somewhat impure no matter 
how narrow the exit slit is made. 

The type of spectral distribution curve to be expected in the 
radiation from the exit slit when a continuous source is used may be 
deduced by extending the considerations of § 6.10. As in that 
section, it will be assumed that the spectrum is uniformly dispersed 
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aiul lies in a plane perpendicular to rays from the telescope. Let the 
width of the exit slit be E and that of the image of the entrance slit 
formed in the spectrum be ?c'. If these are equal, the exit slit will 
pass a range of wavelengths from + AX to \yn — AX, where AX is 
the wavelength range covered by w\ for w' is partially overlapped 
by slit images corresponding to wavelengths within this range, as 
explained in § 6.10. If the spectrum is of constant intensity as a 
function of wavelength, the intensity-distribution curve of radiation 
passing through the exit slit will be a triangle rising from zero at 
\m + AX to a maximum at X„, and falling to zero again at X„, — AX 
(Fig. 6.11). The half-intensity band width of the exit radiation is, 
accordingly, AX, and the full band width is 2AX. If the exit slit E is 
wider or narrower tlian the entrance slit image w\ let A'X represent 



Fig. 6.11. Intensity distribution curves for radiation tiansmitted by a mono¬ 
chromator with exit-slit and entrance-slit image (a) of equal width and (b) of 
different width. 


the wavelength interval covered in the spectrum by the exit slit, 
and AX equal that covered by the entrance slit image, as above. The 
intensity-distribution curve of the exit radiation will then be a 
tra[)ezoid with a flat top and symmetrically sloping sides (Fig. 6.11b). 
The full band width of the exit radiation will be A'X + AX, the half¬ 
intensity band width will be the larger of the two values A'X and AX, 
and the band width of the flat top will be | A'X — AX |. 

For a given half-intensity band width, the maximum radiant power 
is transmitted by a spectroscopic system when w' = E, However, if 
an intensity-distribution curve with a broad flat top is desired, 
must be considerably larger or smaller than JS. 

More complicated cases, in which the dispersion is not linear, the 
intensity is not a constant function of wavelength, and so on, may 
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be analyzed by extensions of the above considerations. A further 
discussion of the effect of slit widths in using monochromators is 
given by Hogness ei al^ and in General Reference 6.3. 

6.12. Expression for Radiant Power Transmission of a Spectro¬ 
scopic System. To obtain an expression for the radiant power trans¬ 
mission of a spectroscopic system, it may be assumed that sources are 
available for illuminating the system in such a way that the entire 
entrance slit and collimator aperture are filled with light, as de¬ 
scribed in § 6.8. Under these circumstances, the radiant power 
within a given wavelength range AX that enters the system is equal 
to R^\wloiy where is the steradiancy (for example, in microwatts 
per steradian per cra^) of the source image on the slit within the 
wavelength range AX; w and I are, respectively, the slit width and 
slit length; and w is the solid angle (in steradians) subtended by 
the collimator at the slit. The amount of radiant power Pax of 
wavelength range AX transmitted through the system into the spectral 
image is influenced by reflection and absorption losses, and in some 
instances by vignetting of the beam by apertures farther along in the 
system than the collimator. If all these factors are lumped together 
into a single fractional coefficient P, then 

Pax = BR^xwlo) (6.9) 

The solid angle o; is approximately yI/Pi% where A is the area of the 
collimator and Pi is its focal length. The width w of the entrance 
slit that can be employed depends on the spectral purity desired. 
If AX is the wavelength interval in the spectrum that it is permissible 
for the slit image to cover, then from Eiq. (6.7), w — A^XF\{d6/d\), 
where {dd/d\) is the angular dispersion of the system. Furthermore, 
the length of slit that it is feasible to use is approximately proportional 
to the focal length Pi of the collimator, other factors being constant, 
and hence it is possible to write I — KFiy where K is the allowable 
slit length per unit collimator focal length. We substitute these 
values for co, Wy and I in Eq. (6.9): 

Pax = BRaxAXKA ^ (6.10) 


*T. R. Hogness, F. P. ZscheiJe, and A. E. Sidwell, Jr., Jour. Phys. Chem., 41, 379 
(1937). 
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Thus the relative radiant power transmission, T, of two spectro¬ 
scopic systems, assuming that AX, it, and Ra\ are the same in the 
two instances, is 


T = 


Pi 

P~z 



( 6 , 11 ) 


The relative power transmission for given spectral purity depends 
only on the transmission factor 71, the area A of the collimator (or of 
the dis})ersing component if that is smaller), and the angular disper¬ 
sion (Id j)rovi(led the entrance slit and collimator are tilled with 
light in all instances. 

Tal)l(^ 6.1 shows the relative power transmission of several typical 
sj)ectroscopic systems as computed from Eq. (6.11). In determining 
the transmission factors 71 for the various instruments, we have 
assumed that the transmission of each lens is 0.90 and of each prism 
0.8o, allowing both for reflection and absorption losses, and that a 
grating is used which sends 40 per cent of the incident light into the 
particular spectrum order under consideration. The values of T in 
the table are based on unity for the small quartz spectrograph, and 
it is assumed that the dispersing (*haracteristi(ts of the quartz used 
in the various prisms are the same in all instances. 


TABLE 0.1 

Relative Radiant Power Transmission of Different Spectroscopic 
Systems at 3000 A for Constant Spec tral J’crity 


System I 

B 1 

j 


A, 

sq cm 

It A 
rfX 

Relative 

power 

trans¬ 
mission, T 

Small quartz spectograph 

0.09 

0.69 

X 10-^ 

2.5 

12 

1 

Medium quartz spectrograph 

0.69 

6.09 

X 10"® 

16.8 

83 

6.9 

21-ft grating, Wadsworth mount¬ 
ing, 15,000 Hnes/inch 

0.40 

6.0 

X 10-® 

75.0 

180 

15.0 

Quartz monochromator (Young- 
Thollon prisms) 

0.59 

6.69 

X 10-® 

9.0 

37 

3.1 
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Photography of the Spectrum 


The vAitioiJs kehions of the optical spectrum can he observed 
and measured by one or more of four principal methods: photo- 
fi^raphic, thermoelectric, pliotoelectric, and visual. Of these, the 
[)hotograj)hic method is Ity far the most important in emission spec¬ 
troscopy and is useful in many applications of ahsorption spectros¬ 
copy. Photographing the spectrum, which can l)e done for all 
wavelengths shorter than 13,000 A, results in a permanent record 
that can be studied at leisure, and makes possibh^ the simultaneous 
recording of all lines lying in broad regions of the spectrum. It can 
also be used to integrate over a period of time the light from a source 
of varying brightness. 

In this chapter we consider what may be termed “qualitative 
photography,” as distinguished from quantitative photography, or 
pholographic phoiomciry, which will be discussed in detail in Chap¬ 
ter 13. To produce satisfactory spectrograms requires some knowl¬ 
edge of the properties of photographic materials and the most 
satisfactory methods of handling them. 

The photographic emulsions most commonly used in spectroscopic 
work arc those classed by the manufacturers as negative materials, 
since these are more sensitive to light than positive materials and 
have more useful res[)onse characteristics. A few positive emulsions 
such as cine positive have recently come into wide use for spectro- 
chemical analysis, however. The light intensities ordinarily involved 
in spectrum photography are much fainter than those used in portrait 
and landscape photography, and exposure times are likely to range 
from a few seconds to several hours. Spectrum photography re¬ 
quires techniques slightly different from those used in ordinary 
photography. 

7.1. Photographic Plates and Films. Spectrograms from which 
precise wavelength determinations are to be made, or with which 
permanence and ease of handling are desirable, are ordinarily made 
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on photographic plates. These consist of moderately flat pieces of 
glass coated with a thin layer of gelatin containing an emulsion of 
silver halide salts. Photographic films, which consist of a similar 
emulsion coated on thin sheets of cellulose nitrate or acetfite, arc 
likely to be more uniform in sensitivity over their surface area than 
})lates, and are therefore preferable for making precise intensity 
measurements. Films may be used with spectrographs that product* 
a spectrum lying on a steeply curved focal surface to whi(4i glass 
plates could not easily be fitted without breaking. Films and plates 
each have their own advantages and disadvantages, and their selection 
in a particular case, apart from the considerations given above, is 
largely a matter of convenience in cutting and handling. 

The negative photographic emulsion is a suspension in gelatin of 
a mixture of silver bromide with a little silver iodide which has been 
treated by removal of soluble salts and which has been ripened by 
carefully adjusted processes to control the sizes of the multitude of 
silver halide crystals that it contains. These crystals or “grains” 
vary from 5 g in diameter down to a size too small to be seen through 
a microscope, a common diameter being 1 g. Most of the useful 
properties of the photographic emulsion depend on the size and 
size distribution of these grains. The larger the grains, in general, 
the more sensitive the emulsion. 

When a photographic emulsion is prepared in the dark and is then 
exposed to radiation containing wavelengths to which it is sensitive, 
a latent image is formed that can be made visible by development. 
This latent photographic image consists of an aggregation of grains 
of silver halide that have been altered, presumably in some photo¬ 
electric manner, by absorption of incident radiation. Development 
consists of treating the emulsion with chemicals that reduce to 
metallic silver the silver salts in those grains which have been affected 
by light, and do not affect those which have not. The resulting 
clusters of developed silver grains darken the emulsion locally. To 
make this darkening permanent on exposure of the whole plate to 
light, the unreduced silver halide is dissolved, after development, in a 
suitable chemical solution, usually one of sodium thiosulphate (com¬ 
monly called hypo). This process is known fixing. Also incor¬ 
porated in the fixer solution is a hardening agent that toughens the 
gelatin and makes it less sensitive to temperature changes. After 
being well fixed, the emulsion is washed thoroughly to remove all 
remaining hypo. 
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The modern photographic emulsion makes use of chemical amplifi¬ 
cation, because development involves amplification quite analogous 
to tliat f)roduc€Hl by vacuum tubes in electronic amplification. 
Many photochemical processes are known in which absorption of 
light will produce a change in the color of the chemicals involved, but 
such reactions are low in sensitivity, since the absorption of one 
(juanturn ordinarily does not change more than one molecule. The 
photographic emulsion consists of chemicals so arranged that the 
absorjition of a few quanta of liglit will alter a whole grain of silver 
halide containing many billions of molecules. The energy that pro- 
<!uces a simple photochemical change comes from the incident light, 
whereas that wliich alters a grain in the photographic emulsion comes 
from the chemicals used in development, the incident light furnishing 
only enough energy to trigger off the reaction. Thus a photographic 
plate or film can be made thousands of times more sensitive than 
bluefirint paper or similar materials which record light and shade 
by sinqile photochemical processes. 

The latent image, which is detected and made permanent by 
development, probably consists of minute particles of silver resulting 
from a change in the positions of electrons in the crystal lattice of the 
grain. It is very stable; photographs have been successfully devel¬ 
oped years after exposure. 

7.2. Response of the Emulsion to Light. The degree of blacken¬ 
ing of a given spot on a photographic emulsion is usually expressed in 
terms of its density d, a quantity closely proportional to the amount 
of metallic silver in a unit area of the image. Density is easily deter¬ 
mined by sending a beam of light through the image with a den¬ 
sitometer (§ 18.T2) and measuring the fraction of this light that 
emerges on the opposite side. The ratio of the transmitted light to 
the incident light is called the transmission T of the image. The 
reciprocal of transmission is called the opacity 0. Density is the 
logarithm of opacity to the base 10; thus 


d == login O = login -j 

A spot that transmits one-tenth of the light sent through it has a 
transmission of one-tenth or 10 per cent, an opacity of 10, and a 
density of 1. 

The word blackening is sometimes loosely used for opacity, for 



phot(x;raphy of the spectrum 


144 


[§7.2 


density, or even for other functions of the transmission, but its com¬ 
monly accepted definition is as given in § 13.15. 

The determination of the response of an emulsion to light is known 
as sensitometry, and this will be discussed further in (^hapter 13. 
Ordinary emulsions are found to respond as shown in F'ig. 7.1, which 
depicts the densities produced in a given plate by various intensities 
of light, when the time of exposure and the development conditions 
were kept constant. A simple S-shaped curve of the type shown is 
characteristic,^ though some emulsions show straight-line portions in 
the center which may be shorter or longer. The curve relating 



Fig. 7,1. The characteristic curve of the photographic emulsion. This curve, 
sometimes called the Hunter and Driffield or “H & D" curve, shows how the 
density of the developed image changes with light intensity when exposure time 
and development conditions are kept constant. 


density to logio intensity is called the characteristic curve of the emul¬ 
sion under the conditions used. 

When qualitative considerations only are involved, it is usually 
immaterial whether density is plotted against log I or log t, where t is 
the time of exposure. For this reason it is customary to plot density 
against log E, where £, the exposure, is 7 X Either the intensity 
or the time of exposure, whichever is most convenient, can then be 
varied, when determining characteristic curves like Fig. 7.1. Since 
time is more easily varied than intensity, a time scale is commonly 


^ F. Hurter and V. C. Driffield, Jour. Soc. Chem. Ind., 9, 455 (1890). 
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involved when log E is plotted, but in quantitative photometry it is 
usually essential to vary the intensity rather than the time. 

The approximate interchangeability of time and intensity, dis¬ 
covered by Bunsen and Roscoe'^ in 1862, is known as the reciprocity 
law, Altliough this law holds fairly accurately for certain types of 
emulsions over a moderately broad range of exposure times, for most 
emulsions it is only approximate, and for very long or very short 
exposures to weak or strong light it is apt to be far from exact. Ex¬ 
posure to light of unit intensity for 10,000 seconds, or to light of 
intensity 10,000 for 1 second, is likely to give a lower density than 
exposure to light of intensity 100 for 100 seconds. This effect will 
be discussed further in (Chapter 18. 

The curve shown in Fig. 7.1 consists of an underexposure region, or 
“toe,” from A to B; a straight-line portion (which may be very short 
or even nonexistent), which is the so-called normal exposure region, 
from li to (\‘ and a “shoulder,” or overexposure region, from C to D. 
Beyond I) the curve may begin to fall again, a phenomenon known 
as reversal or solarization. 

It is natural to suppose that the most important characteristic of 
a photographic emulsion is its sensitivity to light. Closer examina¬ 
tion shows that this vague concept of sensitivity has only qualitative 
meaning and that an exact definition of sensitivity is best made after 
consideration of contrast, speed, and resolving power, which will be 
discussed individually. 


Density 



Fig. 7.2. The contrast, or gamma, of the photographic emulsion. 


7.3. Contrast. The contrast of a plate or film, usually written 7 , 
is defined as the tangent of the angle B between the straight-line por¬ 
tion of the characteristic curve and the intensity axis. (Fig.7.2). 


^ R. W. Bunsen and H. E. Roscoe, Ann. Physik, 108, 193 (1876). 
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The contrast in an emulsion can be controlled when it is made, 
by controlling the distribution of grain size. Emulsions in which the 
grains are more nearly all of the same size have higher contrast than 
those in which the size variation is great. In emulsions of medium 
type the contrast is usually near 1, the straight-line portion of the 
characteristic curve having a slope of 45 deg. In emulsions of very 
high contrast 7 may be as great as 6 or 7, whereas in other emulsions 
it may be as low as 0.6. An emulsion of extremely high contrast is 
selected when it is desired to make every part of the picture either 
black or white, a condition seldom desired in spectrum photography. 
Use of an emulsion of low contrast gives a response varying only 
slightly with light intensity, and the resulting spectrogram does not 
differentiate satisfactorily between weak and strong spectrum lines. 
Therefore, emulsions of intermediate contrast are most used for 
spectrum photography. 

7.4. Speed, Inertia, and Latitude. The speed of an emulsion has 
been defined in various ways, but is usually related to the reciprocal 



Fig. 7.3. Characteristic curves for typical emulsions of high, moderate, and low 

speeds. 

of the inertia (marked i in Fig. 7.2), which measures the distance 
between the intercept of the straight-line portion of the characteristic 
curve with the line of zero density, and the density axis. Most speed 
ratings have been developed, however, by workers interested in the 
fields of commercial and artistic photography rather than spectrum 
spectrography, and hence they involve use of integrated sunlight or 
artificial light. For our present purpose it is suflScient to remember 
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that speed is an approximate measure of the minimum amount of 
light required to produce a UvSeful image. 

Figure 7.3 shows characteristic curves for typical emulsions of low, 
moderate, and high speeds. Usually, high speed is associated with 
low contrast, and low speed with high contrast. High speed arises 
from the presence of large grains in the emulsion. Since a wide 
variety of grain sizes usually results if very large grains are present, 
conditions for producing low contrast often arise. 

We think of one emulsion as being more sensitive than another if 
it will produce a higher density from a given input of light, but it is 
obvious from Fig. 7.3 that this concept is ambiguous. The high¬ 
speed emulsion is seen to be more sensitive to low intensities of light 
than the others, whereas the low-speed emulsion is more sensitive to 
high intensities. The concept of sensitivity can be made more 
rigorous by specifying it in terms of some particular density, for 
example, d = 1. Thus in Fig. 7.4, plotting against wavelength the 



\ in Angstroms-^ 

Fig. 7.4. Curves showing the energy required at various wavelengths to pro¬ 
duce a fixed emulsion density; curve A, density 1.7; curve B, density 1.0; curve 
C, density 0.3. 

energy required to produce a given density value, we show inverse 
response curves for an emulsion at three density levels. The concept 
of sensitivity is useful to indicate the varying response of an emulsion 
to light of different wavelengths. 

The distance along the log E axis subtended by the straight-line 
portion of the characteristic curve measures the “latitude” of the 
plate. Strictly speaking, the latitude is defined as the ratio of the 
exposure at the upper end of the straight portion of the characteristic 
curve to the exposure at the lower end. Usually, the thicker an 
emulsion the greater its latitude, and emulsions of low contrast have 
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greater latitude than tliose of high contrast. In terms of spectrum 
photography this state^rnent means that selection of an emulsion of 
too high contrast should he avoided if both weak and strong spec¬ 
trum lines are to be rendered in densities that are to be directly 
representative of the log of their intensities. 

Latitude depends not merely on the photographic material itself 
but also on the degree of development used and to some extent on 
subsequent handling of the plate. Together with speed and contrast, 
it varies greatly with the wavelength of the light to which the plate 
is exposed. 

7.5. Resolving Power and Graininess. A property of the photo¬ 
graphic emulsion that is most important to the spectroscopist is 
resolving power. This property, which measures the ability of a 
plate to record separately lines that lie close together, depends to a 
considerable extent on granularity, which also sots a limit to the 
useful magnification to which a spectrum line can be subjected. If a 
spectrograph produces two very fine spectrum lines whose intensity 
maxima are only 0.02 mm apart, this high resolution (*an be realiz^ed 
photographically only by use of a plate that will resolve 50 lines 
per millimeter. 

The resolving power of an emulsion, ordinarily measured by photo¬ 
graphing a series of line gratings, is expressed in terms of the number 
per millimeter of black and white lines of equal width which can be 
resolved under suitable magnification by visual observation of the 
em ulsion. 

Table 7.1 gives the resolving powers for white light of a number of 
typical emulsions manufactured by the Eastman Kodak Company, 

The resolving power of a photographic material is controlled 
largely by the contrast of the emulsion and its turbidity. Turbidity, 
in turn, depends on the light absorption of the emulsion and its 
scattering power. Resolving power depends greatly on the density 
that the image attains and is greatest for intermediate densities. 
Both granularity and resolving power can be improved by using 
fine-grain developers. 

When light in the ultraviolet is photographed, the resolving power 
of an emulsion is found to be greater than at longer wavelengths. 
This effect results from the low penetration of the emulsion by short 
waves, which are strongly absorbed by the silver halide, while wave¬ 
lengths shorter than 2500 A are also absorbed by the gelatin. 

The Eastman Kodak Company has developed emulsions in which 
graininess has been almost eliminated, but these emulsions are very 
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slow. When plenty of light is available and a suitable optical system 
is used they c«an be made to resolve 500 lines per millimeter or more. 
The individual grains can be seen only under a microscope of high 
resolving power, if at all. 

In selecting a plate or film on which to photograph the 
spectrum, one ordinarily decides first whether a fast emulsion is 
needed, on the basis of the light intensity available and the permis¬ 
sible time of exposure. If the problem is one of detecting very faint 
spectrum lines, high sensitivity at low light intensities is needed, 
which suggests use of a fast plate. To reproduce both weak and 
strong spectrum lines on the same spectrogram with correct indication 

TABLE 7.1 

Resolving Power to White Lhjiit of Typical Emulsions 
IN Lines per Millimeter* 


Material 


Pr 


Kodak 50... . 70 

Kodak 40. . 05 

Kodak SS. , . 80 

Kodak 90 

Kodak P^(K^^^,s 100 

Type 1-0. 60 

Type lOS-E . 60 

Type lI-(’ . 75 

Type 95 

TypeI\ -( . . 120 

Type \'-C. . 160 

Type 548.. . .. Anurox. 500 

Type 649. . Approx. 1000 


* Copied by pertnis.si<»n of tlie Eastman Kodak (’o. from 
Photographic Platent for Scientific and Technical Rochester, 
N. Y., 1948. The values given apply to an optical image 
contrast of 20:1, and to the den.sity values for which res<)lving 
power i.s a maximum. In the ca.se of the last two entries reso¬ 
lution is usually limited by the optical sy.stem used rather than 
by the properties of the emulsion. 


of their relative intensities, high latitude and medium contrast are 
needed. When a clean, clear background, free from fog, with crisp, 
sharp spectrum lines is desired, a plate of high contrast is used. 
Characteristic curves of emulsions suited for these three purposes are 
given in Fig. 7.5. 

Slow contrasty plates show high resolving power. Such plates are 
of greatest value for use with spectrographs having low dispersion 
combined with high resolving power, as is often the case in prism 
instruments of short focus. The resolving power of a photographic 
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plate should be approximately matched with that of the spectrograph 
in which it is to be used. 

7.6. Types of Plates and Films. Most manufacturers of photo¬ 
graphic materials produce plates and films covering a broad range of 



Fig. 7.5. Characteristic curves of emulsions for different spectroscopic pur¬ 
poses. Curve 1 is that of a fast emulsion (Eastman 103-0); curve 2. an emulsion 
of medium speed and high contrast (Eastman III-O); curve 3, high contrast, 
fine-grain emulsion (Eastman IV-O). 


speed, contrast, and resolving power. Thus at the spectroscopic 
level of intensity (taken as 0.1 meter candles of sunlight) the Eastman 
Kodak Company type I-O plate has a speed of 23, and their V~0 
plate a speed of 0.64. The respective contrast values are 1.3 and 4.5, 



Fig. 7.6. The qualitative variation of the sensitivity of the photographic 
emulsion through the spectrum. The exact shape of this curve depends on the 
density level at which the sensitivity is measured. 
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and the respective resolving powers are 60 and 160 lines per milli¬ 
meter. 

7.7. Variation of Emulsion Characteristics with Wavelength. 

The unsensitized photographic emulsion shows wide variations in 
sensitivity throughout the spectrum. Sensitivity becomes negligible 
at long wavelengths ranging from 4400 to 5200 A, depending on the 
composition of the silver halide used. Sensitivity gradually increases 
toward shorter wavelengths, reaching a maximum in the violet or 
near ultraviolet between 4100 and 3900 A, and then slowly falling off, 
as shown in Fig. 7.6, to negligible values near 2000 A. The broad 
region of insensitivity between 2000 A and the X-ray region, where 
the ordinary emulsion again becomes sensitive, results from the 
absorption of light by the gelatin of the emulsion. 



X in A 

Fig. 7.7. The variation of contrast of several spectrographic emulsion types 
as a function of wavelength. Curve 1, typical slow emulsion; 2, medium-speed 
emulsion; 3, fast emulsion. 

The variation of sensitivity with wavelength is usually associated 
even more closely with variation in contrast than with variation in 
speed. Figure 7.7 shows how the contrasts of a number of different 
photographic emulsions vary with wavelength, and Fig. 7.8 shows 
the variation in speed of the same emulsions over the same wave¬ 
length region. Sensitivity at longer wavelengths can be greatly 
increased by adding special dyes to the emulsion as explained in 
§ 7.15. At shorter wavelengths the Schumann type of emulsion can 
be used, or fluorescent substances can be coated on an ordinary plate 
or film (§ 19.7). 
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7.8. Storage and Handling of Photographic Materials. A photo¬ 
graphic latent image can be produced, not merely by exposing the 
emulsion to light, X-rays, or high-speed subatomic particles, but also 
by applying pressure, heat, or certain chemical fumes such as am¬ 
monia. The emulsion deteriorates with age, and unexposed plates 
that have been stored for a long time are apt to appear dark on de¬ 
velopment, especially around the edges. The useful life of an unex¬ 
posed plate can be extended by storing it on edge in a cool, dry place. 
If plates are stored flat, the weight of other plates may eventually 
produce a latent image. Plates should never be stored where they 
are exposed to heat, chemicals, dampness, or burning gases. If they 
are stored in an electrical refrigerator, some provision should be 
made for prevention of spoilage by wetting should the power fail and 
the frost in the refrigerator melt. 


Fig. 7.8. 


L.og,o 

Speed 



X in A 

The variation of speed with wavelength for the emulsions of Fig. 7.7. 


When possible, plates and films should be obtained in sizes that fit 
the spectrographic cassettes used, to avoid the necessity of cutting in 
the darkroom. Standard sizes obtainable for spectrographic work are 
11 X 10 in., 2X7 in., 2 X 10 in., 2 X 20 in., 2f X 10 in., 4 X 10 in.. 
Si X 4i in., Si X 18 in., 4X5 in., 5 X 7 in., 8 X 10 in., 50 X 250 
mm, and 65 X 180 mm. Special emulsions designed for spectro 
scopic use are ordinarily coated on glass, but can be obtained coated 
on film base on special order. 

The flatness of the glass on which photographic plates are coated 
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is of importance, because the sensitivity of the emulsion can be ex¬ 
pected to vary over the surface if its thickness varies. Glass plates 
are coated by spreading the liquid emulsion over them, chilling to set 
the gelatin, and drying. Unless perfectly flat plates are used, the 
emulsion will vary in thickness. 

For accurate measurement of wavelengths in spectrographs in which 
plates must be bent to high curvature, special glass can be selected 
which is less than 1 mm in thickness, and plates can be obtained up 
to 22 in. long coated on such glass. Even thinner glass plates can be 
obtained, but they are very fragile. 

Photographic plates are usually packed in pairs, with the emulsion 
sides face to face. Plates keep better in this way than when the 
emulsion side is exposed, but it is necessary to prevent adjacent 
surfaces of emulsion from rubbing together. For this reason each 
pair of [)lates is separated by thin sheets of cardboard at the edges 
and is then wrapped in black paper. The emulsion side of the plate 
can be determined in the darkroom by observing the diffuse reflection 
in the coated side of a safe light, or in total darkness by applying the 
edge of the plate to the lips or tongue or biting it gently. 

When it is necessary to cut a plate into smaller sections, this can 
be done in the darkroom by providing a flat board with a rule held 
in the proper position by pins, so that drawing a glass cutter along 
the uncoated side of the plate will produce a sharp scratch. The 
plates should be laid face down on a piece of paper placed on the 
board, and only a single cut should be made, the plate then being 
broken by pressure against the edge of the board. A sharp scratch 
rather than a deep one is what is wanted, since the object is not to cut 
the glass but merely to start the fracture by a high concentration of 
stresses. For this purpose a sharp diamond point serves best. 

Films may be cut in thin bundles by using a large paper cutter 
provided with a template so that suitable widths can be selected in 
the dark. A number of films can safely be wrapped together without 
separation if not subjected to abrasion, heat, or humidity. 

7.9. The Photographic Darkroom. The darkroom of a spectros¬ 
copy laboratory merits considerable attention. It should be con¬ 
structed so that no external light will be admitted unless desired. If 
possible, it should be arranged so that it can be entered by means of 
a double door or lightproof maze. The former is simpler than the 
latter, and if provided with an alarm bell that rings when one of the 
doors is open, safer. The old-fashioned darkroom, with its walls 



154 PHOTOGRAPHY OF THE SPECTRUM [§7.9 

painted a depressing black, is out of date. If safelight illumination 
is provided, the walls may be painted light green, cream, or any other 
pleasing color. When the room lights are on, ample light for good 
visibility should be available, and when they are off no light should 
enter the room from outside to be reflected from the walls. 

Ordinary plates or films can be developed under a red light, though 
this should be a safelight, since common red incandescent lamp globes 
often transmit light in the blue. Panchromatic and other color- 
sensitive plates must be developed either with a green safelight or 
in total darkness. A good spectroscopist usually prides himself on 
developing all spectrum plates in total darkness as a matter of habit. 

An Eastman No. 1 red safelight can be used with ordinary plates 
such as Eastman 33 or type O, if it is desired to observe development, 
though it is more satisfactory to develop for a predetermined time 
in developer of a given strength and temperature than to depend on 
visual observation to determine when suflScient development has 
taken place. Various filters can be obtained for insertion in the 
safelights, and green filters can be used with panchromatic emulsions, 
though total darkness is to be preferred. In developing bromide and 
other papers, a much greater amount of red light can safely be per¬ 
mitted than with negative materials, and under these circumstances 
it is desirable to be able to watch development, since it proceeds so 
rapidly. The safelight can be tested by exposing a section of the 
emulsion to be developed under the light for twice as long as it would 
be exposed in development, and comparing it on development with 
an unexposed portion. 

By adopting a definite routine procedure it is quite easy to carry 
out the standard series of loading and developing operations in the 
dark. A typical routine for loading a spectrograph plateholder is to 
place it face down on a dry table, with a closed box of plates on the 
left. With the back of the plateholder open, turn off the lights and 
uncover the box of plates, removing two plates in their paper wrap¬ 
ping. Take one of these plates, determine its emulsion side, and 
place it in the plateholder with this side down. Immediately wrap 
the remaining plate carefully in its black paper, reinsert it in the box, 
and close the box. Then close the plateholder, turn on the lights, and 
load the spectrograph. This procedure eliminates the danger of 
turning on the darkroom lights to find an open box of plates awaiting 
disposal. 

When possible, it is desirable to provide a *‘dry’’ dark room as 
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well as a “wet’’ darkroom. Plates should be stored in the dry dark¬ 
room, and printing and enlarging equipment can also be installed 
there, thus removing it from the corrosive action of chemicals that 
may be spilled in the wet darkroom during development or fixing. 
An enlarger, properly modified to take long spectrograms, is very 
convenient for making reproductions of spectra. Large spectrum 
prints are usually made on glossy bromide paper, and contact prints 
on ordinary glossy positive paper. When it is very important to 
avoid any uneven shrinkage of the print during copying, special types 
of photographic paper can be obtained, such as Eastman Aeromapping 
paper or Agfa Mapping Special, in which shrinkage has been greatly 
reduced. 

7.10. Development and Processing. After exposure, the spec¬ 
trum plates or films are developed, fixed, washed, and dried. Tray 
development is ordinarily used for spectrograms. The tray should be 
an inch or two longer than the longest plate to be developed in it, and 
not much wider than a single plate. It may be necessary to build 
special trays to fit plates longer than 10 in. Fresh developer should 
be used for each important batch of plates, the plates being placed in 
the bottom of the tray, emulsion side up, and the developer being 
poured gently over them, the tray then being rocked from end to end 
to remove air bubbles on the surfaces of the plates. The developer 
should have previously been brought to the correct temperature, as 
measured with a thermometer and a time clock should be set to give 
an alarm at the end of the selected development period. Provision 
should be made for cooling the water to be mixed with the developer 
in warm weather, since the temperature of the developer must be 
carefully controlled, and the washing water should not be much 
warmer than 65° F to avoid peeling or reticulation of the emulsion. 

Spectrographic films are not quite so simple to handle in develop 
ment and processing as are plates, and manufacturers of spectrograph 
that require use of films ordinarily furnish holding devices or special 
developing tanks with these as part of the processing equipment. 

When quantitative spectrochemical analysis and other work in¬ 
volving photographic photometry is carried on, it is customary to 
brush the surface of the emulsion gently back and forth with a 
camePs-hair brush to bring fresh developer constantly in contact with 
the emulsion and thus reduce the Eberhard effect (§ 7.13). 

When the development period is concluded, the plate is removed 
from the developer, is held by its edges and dipped once or twice in 



156 PH0T()(;HAPHY of the spectrum [§7.10 

the rinsing water (and if desired in a short-stop solution), and then is 
deposited emulsion side up in the fixing bath. After it has been in 
the hypo for a minute or two, the lights can be turned on, but the plate 
should remain in the fixing bath for at least 10 minutes after the last 
trace of unexposed emulsion has cleared. With fresh hypo this should 
require immersion of not more than 15 min. Hypo that has become 
foamy and does not clear up the plate within 20 min should be re¬ 
placed, but until this foaming occurs the hypo can be used for many 
batches of plates. 

After a plate has been fixed it should be washed in running water. 
This water should not, however, be allowed to fall on it directly. 
Fresh water should well up around the surface of the plate in a tray 
for at least half an hour; then the plate should be “stripped’' and 
j)laced in a rack for drying. 

Stripping consists of holding the plate under the running tap and 
carefully rubbing it on both sides with the palm of the hand, or with 
a tuft of moistened cotton, to remove the bloom, a filmy layer deposited 
on it from the tap water. Remaining droplets of water should then 
be removed by careful shaking, and the plate should be rinsed on 
both sides with distilled water and stood in a cool place to dry slowly. 
When extreme speed is necessary, plates may be measured in the 
densitometer while wet, but this is usually inconvenient. 

When speed is of the greatest importance, the plate may be dried 
in front of a fan or over a heater, but this should be done carefully. 
A preliminary rinsing in alcohol to remove some of the surface water 
and speed up drying is undesirable. When alcohol is used, the plate 
should be immersed in it for from 3 to 5 min. The plate will then dry 
in 15 sec in a rapid current of air. However, for most spectrograms 
it is desirable to use slow drying in a good circulation of dry dust-free 
air at 75 to 90°F to get uniformity of results. After drying in racks, 
in the case of plates, or when hung from clips on a stretched wire, in 
the case of films, the spectrograms are ready for marking and storing 
in individual envelopes. 

It is especially important that the darkroom be so arranged that 
hypo will not spatter into the developer tank or get onto the table on 
which plates are cut and plateholders are loaded, since hypo dust will 
produce black marks on the emulsion. Hypo in the developer is 
much more serious than developer in the hypo, though the plates 
should be carefully rinsed between development and fixing. The 
developing and fixing trays should be so positioned that they can 
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readily be located in the dark, to avoid the mistake sometimes made 
of depositing a spectrogram first in the hypo bath. Since the develop- 
ing and fixing processts should be kept rigidly separated, it is common 
procedure to provide a sink with a dev^eloping tray on one side and a 
fixing tray on the other, with washing and rinsing trays between. 

The shelves and floor of the darkroom, as well as its walls, should 
be kept scrupulously clean, especially from spilled hypo, and the 
operator should be able to rinse his hands quickly and dry them on a 
towel before he touches anything after his hands have been in the 
hypo bath. 

7.11. Developers. A standard developer consists of a solution of 
chenncal agents, the most important of which is designed to reduce 
to metallic silver the silver halide in the latent image. Common 
develo[)ers are amidol, rnetol or elon, pyrogallic acid, rodinol, and 
hydroquinone. In addition, the developer solution contains an 
accelerator such as sodium carbonate or sodium hydroxide, a pre¬ 
servative such as sodium sulfite or bisulfite, and a restrainer, usually 
potassium bromide. The purpose of this restrainer is to minimize 
the development of grains which have not been exposed to light. 

Probably the most satisfactory type of developer for routine spec¬ 
troscopic purposes is one that can be kept mixed in large quantities, 
so that all the user need do is to dilute it with water just before use. 
Dilution is desirable, especially in warm weather, so that the tem¬ 
perature of the diluting watc^r can be chosen to give the proper final 
temperature of the developer after pouring into the tray. A typical 
developer of this variety is given in Table 7.2. This can be mixed 
in large quantities but should be kept in stoppered bottles, since 
contact with the air will oxidize and darken it. In large laboratories 
developer is often mixed in 10-gal lots, stored in 5-gal bottles, and 
when one of these is opened gallon jugs are filled from it. These, in 
turn, are used as needed to fill 8-oz bottles, which can be mixed on 
use with 8-oz bottles of water of the proper temperature. When 
three or four spectrograms are to be developed at the same time, a 
single batch of developer will suflSce, but developer should not be 
re-used after it has stood in the tray for a few hours. 

When only an occasional plate is to be developed, the standard 
commercial M-Q tubes, a metol-quinone developer, will be found 
useful. 

Most commercial boxes of plates or films contain manufacturers’ 
formulas for developers recommended for use with the plates. Many 
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formulas require that tl;ie various solutions be made up in two or 
three separate parts, which are mixed just prior to use. 

For some spectrographic purposes, particularly in high-speed 
quantitative analysis, raj)id development is needed. Under these 
circumstances it may be worth while to use a two-bath developer in 
which the degree of development can be more carefully controlled. 
Neblette® gives such a developer, said to produce satisfactory results 
in 10 sec, which consists of a 5 per cent solution of hydroquinone with 
2 per cent sodium sulfite, followed by a 30 per cent solution of potas¬ 
sium hydroxide. The plates are immersed for 8 sec in the first bath 
and 2 sec in the second bath at a temperature of 80®F. Neblette also 
gives a high-speed developer which acts within 30 sec to 1 min.** 


TABLE 7M 

Developbr with Keeping Properties* 


Distilled water. . . 
Elon (or metol). . . 
Sodium sulphite , . 
Hydroquinone. . . . 
Potassium bromide 
Sodium carbonate. 


10 liters 
14 grams 
grams 
50 grams 
150 grams 
300 grams 


* This developer can be mixed in large quantities and kept 
in stoppered bottles for a number of months. When used, it 
should be diluted with two parts of water to one of developer. 
Develop in trays for about 5 min at 18® C'. 


High-speed development or processing of any kind is undesirable 
unless speed is more important than uniformity, since results will be 
more precise and more uniform if processing is allowed to proceed 
at a normal rate. 

7.12. Common Defects in Spectnun Photographs. A beginner 
who is sent into a darkroom to develop a sj>ectrogram is likely to 
emerge with a sorry-looking product. However, after a few hours of 
experience and with very little conscious change in procedures, he 
will produce acceptable spectrograms that are clear, unmarred, and 
free from fog and dirt. That this change takes place so rapidly 
emphasizes the great effect of small variations in procedure. Com¬ 
mon experiences of the beginner range from putting his carefully 
taken exposures into the hypo instead of the developer, loading the 
plateholder backward, or leaving the box of plates open after removing 

® C. B. Neblette, General Reference 7.1, page 540. 

^ B. Neblette, General Reference 7.1, page 540. 
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one for loading, to manipulations that lead to scratching, frilling, and 
reticulation of the emulsion. 

Specks and dark streaks across the plate are likely to have been 
caused by particles of hypo coming in contact with the emulsion 
either before or during development. Fingerprints, scratches, and 
abrasions can be reduced if a plate or film is held by its edges. Blisters 
are usually caused by the separation of the emulsion from the glass 
backing under the pressure of water falling directly against the 
emulsion. Reticulation, or drying of the emulsion in irregular ridges, 
results when the wash water is too warm or the hardener affects only 
the surface of the emulsion; thus frilling and reticulation result when 
there is insufficient hardener in the hypo bath. Transparent spots 
are usually produced by air bubbles or grease on the surface of the 
emulsion that keep the developer from coming in contact with it. 

InsuflScient development gives a spectrogram that lacks contrast, 
even the densest lines having a gray look rather than appearing black, 
A similar effect can be produced by underexposure, and experience is 
needed to differentiate between the two causes. 

Fogging, one of the most common defects in spectrum plates, should 
be particularly watched for in spectrochemical quantitative analysis 
and photographic photometry. Fogging is produced by a deposit of 
developable silver grains in addition to those that are included in 
the latent image. Fogging arises from various causes, and some 
experience is needed to distinguish among them. Chemical fog is 
ordinarily quite uniform over the surface of the plate. It may be 
caused by improper development or by improperly mixed or spoiled 
developer. The spoilage is usually from contact with metal. How- 
ever, general fog all over the plate may be caused by exposure to 
light, either through use of too strong a safelight during development 
or through a leak in the plate box, spectrograph, or darkroom. Plates 
that have been exposed to fairly high temperatures become fogged 
very readily, and may even fog spontaneously. Fog caused by light 
leaks can usually be detected if it occurs during exposure or during 
the time the plate was in the plateholder, because it appears strongest 
near one edge of the plate or in one corner. Fast plates are in general 
more susceptible to fog than slow plates, and a good contrasty plate 
makes a much clearer and finer-appearing spectrogram. 

In spectroscopic work the finished picture is usually a negative, and 
the most important consideration is not the accurate rendition of tone 
values in a positive print to be made from it, but rather the deter- 
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mination of the positions of spectrum lines, and of their densities. 
Secondary considerations are high resolving power to separate close 
lines, freedom from fog to increase the accuracy of photometry, 
sensitivity to weak light so as to bring up faint sf)ectrum lines, and 
large latitude so as to make possible the recording of both weak and 
strong lines on the same plate. For this last purpose it is desirable 
that the emulsion reach a high density before the contrast falls to a 
value too low to be useful. 

7.13. The Eberhard Effect. During the development process^ 
soluble bromide is formed along with the reduction to silver of the 
silver bromide in the emulsion^ so that the concentration of bromide 
in the developer increases with use. In parts of the emulsion where a 
particularly dense latent image is being developed, there may be a 


Density 



Plate Distance in mms^-- 

Fig. 7.9. The Eberhard effect in spectra. Curve /i, measured density in the 
eontour of a strong line; curve B, true density in the absence of the Eberhard 
effect. 

high concentration of bromide, which weakens the developer and 
accelerates the restraining process, causing the so-called Eberhard 
effect. This effect is of particular importance in quantitative spec- 
trochemical analysis or other processes involving accurate photo¬ 
graphic photometry. 

The Eberhard effect reduces the density in the center of dense 
spectrum lines and decreases the background density in the neighbor¬ 
hood of strong lines, as illustrated in Fig. 7.9. The effect can be 
avoided to a considerable extent by constant brushing^ of the emulsion 
surface during development. Motion of the developer by rocking the 
plate or streaming developer across the emulsion surface ordinarily 
will not reduce the effect, since it is produced in an extremely thin 

6 W. Clark, PhoL Jour., 65, 76 (1925). 
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layer of developer that clings to the surface of the emulsion. Some 
developers are worse offenders than others in this regard. 

7.14. Halation and Spreading. Halation, an effect commonly 
noticed with spectrum lines that have been greatly overexposed> 
arises from the j)enetralion of light through the emulsion to the glass 
backing of tlie ])late from which it is reflected and returned back 
through the emulsion, causing a ring to appear around a dark spot or 
a rectangle to appear around a line. Halation effects are usually 
more marked in plates tliaii in films, since in a film the small thickness 
of the celluloid causes the reflected light to be thrown back directly 
on the main image. Formerly some plates were painted black on the 
glass side to reduce halation. Many plates are now backed, the 
backing being designed to absorb the radiation to which the plate is 
sensitive, and to be bleached in ordinary processing. Colored dyes 
on the side of the emulsion next to the glass or film support are also 
used as antihalation backings. When necessary, halation can be 
reduced by using a complex developer formula and relatively short 
development, which confines the image largely to the upper layers 
of the emulsion. 

Spreading is another photographic phenomenon that is important 
in spectrosco{)y. The image on a photographic plate will not be 
confined entirely to the area on which the light strikes, because of 
lialation and irradiation from light scattered in the emulsion so that it 
strikes grains which otherwise would not be exposed. Spreading and 
halation both reduce the resolving power of an emulsion and may be 
of great importance when intense close spectrum lines are studied, 
since these will be greatly broadened by these effects. To obtain the 
highest resolving power with a plate it is therefore useful to try 
surface development. In the ultraviolet region, surface exposure 
accomplishes the same effect, on account of the decreased penetration 
of the emulsion by the shorter waves. 

7.15. Photography of Various Regions of the Spectrum. Urn 
sensitized photographic plates or films can be used satisfactorily only 
in the range 2200-5000 A. At longer wavelengths it is necessary to 
use optically sensitized emulsions. A great number of special dyes 
have been made for this purpose, providing sensitization as far as 
13,000 A. By proper choice of these dyes sensitivities ranging from 
50-100 per cent of the sensitivity in the blue may be obtained any« 
where in the visible spectrum. Sensitizations for the infrared are 
weaker, the effective sensitivity generally becoming progressively less 
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with increasing wavelength. The plates sensitized for the infrared 
are generally improved by hypersensitizing by bathing with water or 
ammonia shortly before use. A discussion of the chemistry and 
application of these dyes is given by Mees.® 

Contrast, and in some cases sensitivity* of ordinary emulsions can 
be improved in the region 2500 to 2000 A by coating the emulsion 
with a fluorescent material, such as a mineral oil or one of a number 
of substances developed for the purpose.^ Ordinary emulsions can 
be sensitized to w^avelengths as short as 200 A by similar methods. 
Ultraviolet sensitizing solution can be obtained from the Eastman 
Kodak Company, w^ho also furnish plates especially sensitized for the 
short-wave ultraviolet. Ilford, Ltd., of London manufactures “Q” 
plates that also have excellent characteristics in this region. Schu¬ 
mann emulsions, almost free from gelatin, can also be used. The 
problem of ultra-short-wave photography is discussed further in 
Chapter 19. 

7.16. Selection of Spectrally Sensitive Emulsions. The sensitiv¬ 
ity of an emulsion in various spectral regions can be qualitatively 
determined by so-called wedge spectrograms, which are made by 
placing an absorbing optical wedge in front of the slit of a stigmatic 
spectrograph, thus subjecting a plate to a regular variation in illu¬ 
mination from a continuous source, from top to bottom. Typical 
wedge spectrograms, obtained for emulsions manufactured by the 
Eastman Kodak Company, are shown in Fig. 7.10. Approximate 
wavelengths in angstroms divided by 100 are marked on the spectro¬ 
grams horizontally, and the height of the light portion at any wave¬ 
length gives a qualitative indication of the relative sensitivity of the 
emulsion at that wavelength. Since such spectrograms are almost 
always made with glass apparatus, and with incandescent lamps as 
light sources, wavelengths shorter than about 3800 A are not utilized, 
and the indication of relative sensitivity at wavelengths less than 
4500 A is poor and should be taken as only approximate. The emul¬ 
sion retains much of its sensitivity from 4200 to 2300 A with almost 
all dyes. 


® C. E. K. Mees, General Reference 7.2, page 988 et seq. 

^ J. Duclaux and P. Jeantet, Jour, de Phys. et le Radium, 2, 158 (1921). 

G. R, Harrison, Jour. Opt Soc. Am., 11, 113 (1925). 

G. R. Harrison and P. A. I^ighton, Jour. Opt. Soc. Am., 20, 313 (1930); Phys. Rev., 
36, 779 (1930). 

General Reference 7.5, 5th ed., page 21. 
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The Eastman Kodak Company manufactures plates sensitive to 
the various regions of the spectrum, as shown in Table 7.3. From 
such a table it is possible to choose a suitable emulsion for photo¬ 
graphing any desired spectral region at high dispersion. For use in 
low-dispersion instruments the L type of sensitization covers the 
entire range from 9000 to 2000 A, but it has rather low sensitivity. 

Each of the sensitizations listed is available in various emulsion 
types, having high, medium, and low sensitivity and medium, high, 
and very high contrast. The selection of suitable emulsions for a 
given purpose can be greatly facilitated by consulting the appropriate 



Fig. 7.10. Wedge spectrograms for several spectrographic emulsions, (a) 
Eastman green-sensitized emulsion G. (b) Eastman Panchromatic emulsion B. 
(c) Eastman extreme-red-sensitized emulsion N. (Courtesy Eastman Kodak 
Company, Rochester, New York.) 


Eastman Kodak Company publication (General Reference 7.5) and 
similar publications of other manufacturers. 

Most of the dyes now used for sensitization up to 10,000 A are quite 
stable, but all plates sensitized for the infrared should be kept in a 
refrigerator as much of the time as is possible. Plates that have been 
stored thus should be removed some hours before use so that they will 
reach room temperature before exposure; in this way, surface con¬ 
densation of moisture will be avoided. 
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It is sometimes desirable to hypersensitize infrared-sensitive plates 
with ammonia, particularly those being used for the longer wave¬ 
lengths. Sensitivity can be increased by bathing the plates for one 
minute in a 4 per cent solution of 28 per cent ammonia at a tempera¬ 
ture of 55°F or less. The plates should then be dried as rapidly as 
possible in air which is dust-free, and used almost immediately. 
Hypersensitized plates can be kept for several weeks in a refrigerator, 
but hypersensitization increases the likelihood of fogging and can be 

TABT.E 7.3 

Approximate Ranges of Sensitivity of Eastman Spectroscopic 

Pirates 


riate type 

Short X* 

lA)ng X* 

0 

2,000 A 

5.200 A 

J 

4,600 

5,300 

H 

4,600 

5,600 

G 

4,600 

6,000 

T 

5,500 

6,200 

D 

4,600 

6,200 

B 

4,600 

6,600 

C 

4,600 

6,800 

E 

5,600 

6,900 

F 

4,500 

6,900 

U 

6,600 

7,600 

N 

6,600 

8,600 

K 

7,3(K) 

7,900 

R 

7,400 

8,500 

L 

2,000 

8,600 

P 

8,200 

9,200 

M 

8,600 

10,000 

Z 

10,000 

12,000 


^ All emulsions show some sensitivity in the sensitivity range 2000-5000 A. 


carried further if done just before the plates are used.’ It is very 
important that the temperature of the sensitizing bath be controlled 
accurately. 

It is convenient to have available a light-tight box in which sen¬ 
sitized plates can be dried with a blast of air blown from a fan. 

The Eastman Kodak Company recommends that the developer 
whose components are listed in Table 7.4 be used with Eastman spec¬ 
troscopic plates and states that it is of particular value with infrared 
sensitive plates. This formula is available in prepared form and 
can be used without dilution. 
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Quantitative control and use of the photographic emulsion are dis¬ 
cussed in Chapter 13. 


TARLE 7.4 

Kodak Dkvklopeu I)-19 
(For contrast on .spectroscopic plates) 


Sfork Solution* 

Water, about F (50° Cj. ,500 cc 

Klon. . .... 2.2 grams 

Sodium sulfite, desiccated.00.0 grams 

[lydroquinone 8.8 grams 

Sodium carbonate, desit'cated. ,50.0 grams 

Potassium bromide. 5.0 grams 

Cold water to make... .... 1 liter 


* Dissolve the cheinical.s in the order given. Use without 
dilution. Average time of development is about 3 min at 
08° F (20° V). 


Genkual Kefeuenceb 

7.1. C. B. Neblcttc, Photographif: Principles and Practice, 4tli ed. New 

York: 1). Van No.stran(l Company. Inc.. 1942. 

7.2. C. E. K. Mees, The Theory of the Photographic Process. New York: 

T}k‘ Macmillan Comfiany, 1942. 

7.3. K. Henney and B. Dudley (Eds,), Handbook of Photography. New York: 

McGraw-Hill Book Company, Inc., 1939. 

7.4. A. C. Hardy and F. Perrin, The Principles of Optics, New York: 

McGraw-Hill Book Company, Inc., 1932. 

7.5. Photographic Plates for Use in Spectroscopy and Astronomy, various 

editions. Rochester, N. Y.: Eastman Kodak Co., 1933-1948. 








CHAPTER 8 


Light Sources for Spectroscopy 


Light sources, or sources of radiant energy, may be classified 
according to (a) the method used for exciting radiation, (b) the type 
of spectrum emitted, or (c) the spectral region to which the source is 
best adapted (infrared, visible, ultraviolet, or extreme ultraviolet). 

In terms of method of excitation, there are four principal categories 
of sources: (1) thermal radiators, (2) arc sources, (3) discharge tubes, 
and (4) spark sources (see General Reference 8.3). Thermal radiators 
emit radiation as a result of heating of the radiating surface, as when a 
current of electricity heats a metal filament to incandescence. Arc 
sources emit radiation as a result of the maintenance of a com¬ 
paratively low-voltage ionic electrical discharge between suitable 
electrodes, under conditions in which the material of the electrodes is 
evaporated into the arc stream and provides a large proportion of the 
conducting and radiation-emitting ions. Discharge-tube sources also 
emit radiation as the result of the maintenance of an ionic discharge, 
but the source of the ions is a gas at low pressure in an enclosed 
container, and little, if any, electrode material passes into the ion 
stream. Spark sources emit radiation as a result of comparatively 
high-voltage disruptive discharges between suitable electrodes. 

The distinction between arc, spark, and discharge excitation is 
often only approximate. Thus, many carbon arcs depend for their 
emission primarily on the heating of the tips of the carbons to incan¬ 
descence as a result of bombardment by the ion stream. Again, when 
spark sources are operated at progressively higher current densities, 
they begin to partake more and more of the characteristics of arcs. 

In addition to the four principal categories mentioned, there are 
certain other methods of excitation, such as bombardment by 
cathode rays or excitation of fluorescence or resonance radiation, 
that are sometimes useful in spectroscopy. 

With respect to the tvpe of spectrum emitted, sources are con- 
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veniently classified into three categories according to whether they 
yield continuous, line, or band spectra (Fig. 1.5). This distinction is, 
again, somewhat arbitrary. Continuous spectra often have lines 
superimposed upon them, and line or band spectra often exhibit an 
appreciable continuous background. This result is to be expected, 
sinpe, in general, continuous spectra arise from thermal radiation or 
nonquantized atomic or molecular-energy transitions (dissociation 
spectra, for example), line spectra arise from atomic-energy transi¬ 
tions, whereas band spectra arise from molecular-energy transitions; 
and all these emission mechanisms coexist to some extent in almost 
every source (see Chapters 10 and 11). 

Classification of sources according to the spectral region to which 
they are best adapted is likewise arbitrary to some extent, but is 
useful in the choice of sources for special applications. Sources for 
the infrared are discussed in Chapter 17 and for the vacuum ultra¬ 
violet in Chaj)ter 19. 

GENERAL CHARACTERISTICS OF SOURCES 

8.1. Spectral Energy Distribution. In choosing a source for a 
particular application, it is desirable to select one that emits radiant 
energy predomineutly in the spectral region to be explored. This 
selection is frequently difficult to achieve in practice For example, 
incandescent lamps are excellent sources for many applications in the 
visible region, yet they radiate more total energy in the infrared than 
in the visible. The greater the atomic or molecular energy transi¬ 
tions involved in the excitation, the shorter the wavelength region in 
which the radiant energy may be expected to predominate (see 
Chapter 10). Thus thermal-emission sources are mainly useful for 
the infrared and visible regions, arcs for the visible and near ultra¬ 
violet, and discharge tubes and sparks for the visible, ultraviolet, and 
extreme ultraviolet regions. 

Sources emitting continuous spectra are particularly useful in 
making absorption measurements (Chapters 14 and 17), Those 
emitting line spectra are useful in studying atomic structure and in 
qualitative and quantitative emission spectrum analysis (Chapters 15 
and 16), and in applications in which it is desired to isolate approxi¬ 
mately monochromatic radiation. 

The general spectral-emission characteristics of various sources are 
summarized in Table 8.1. 



TABLE 8.1 

Generai, Spectral Chahactehistics or Principal Types of Sources 
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8.2, The Power Output of Sources. The total radiant or lu¬ 
minous power output is sometimes of importance in choosing a source 
for spectroscopic applications. The steradiancy (radiant power out¬ 
put per unit j)rojected area of source per unit solid angle) or brightness 
(luminous power output per unit projected area of source per unit 
solid angle) is, however, usually more important, since this is the 
limiting factor that ordinarily determines the amount of radiant 
power transmitted tlirough the spectroscopic system onto the radia¬ 
tion receiver (photographic plate, photocell, eye, and so on), as dis¬ 
cussed in (Chapter 0. For example, an ordinary fluorescent lamp is 
an excellent source for general illumination but a very poor source for 
visual absorption spectrophotometry, for precisely the same reason 
in both instances: while its total luminous power output is com¬ 
paratively higli, its brightness is comparatively low. 

Radiant power is measured in watts^ milliwatts (mw), or micro- 
xvatts (gw). Luminous power is measured in lumens. One lumen 
is the luminous flux in unit solid angle from a uniform source of 
1 candle power. Since the luminous effect of a given amount of 
radiant power depends on the wavelength of the radiation and the 
spectral sensitivity of the observer’s €^ye, the ratios lumens/watt and 
watts lumen can be expressed only for each particular wavelength and 
in terms of a particular spectral visibility curve (Fig. 1.1). Data 
representing the lumens watt at various wavelengths for a “standard 
observer” have been adopted by the Illumination Engineering 
Society on the basis of the average spectral visibility curves of a large 
number of normal persons. From such data and from data on the 
sj)ectral energy distribution of a source, the luminous power of the 
source may be determined by step-by step or graphical methods.^ 
Steradiancy is measured in watts (or mw or yw)/Qm^/steradian, where 
the area in cm’ refers to the projected area of the source on a plane 
perpendicular to the direction in which the radiance is taken. Bright¬ 
ness is measured in lumens/ cmr ffteradian^ or in candles/cmry the area 
in cm- having the same significance as in the case of steradiancy. 

The radiant or luminous power output deteriorates with time in 
some sources, such as incandescent lamps and mercury arcs, but not 
in others, such as open carbon arcs and sparks wherein provisions 
are made to keep the interelectrode gap constant as the electrodes 
wear away. Such long-time changes are usually not important, but 

^ A. C. Hardy and F. H. Perrin, The Principles of Optus, New York: McGraw-Hill 
Rook Company, Ine.. 1932. 
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if emission must be kept at or near the maximum, it is desirable to 
replace deteriorating sources routinely after a fixed, limited period of 
operation. Short-time fluctuations of radiance or brightness are 
often significant in spectroscopic measurements, particularly if the 
radiation-measuring system is not an integrating device like the 
photographic plate, which averages out random fluctuations. 

Radiance or brightness is more uniform over extended areas of 
some sources, such as ribbon-filament lamps, than others, such as coil- 
filament lamps. A uniform source is to be preferred in instances in 
which different portions of a final image field, formed by radiation 
emitted from different portions of the source, are to be compared. 

8.3. Practical Considerations. Practical fac^tors in the choice of 
sources include simplicity of construction and operation, ruggedness, 
useful life, availability, and cost. Special considerations regarding 
the choice of sources for absorption spectrophotometry, qualitative 
and quantitative emission spectrum analysis, infrared spectroscopy, 
spectroscopy of the extreme ultraviolet, and Raman spectroscopy are 

discussed in the chapters dealing with 
these subjects. 

THERMAL EMISSION SOURCES 

8.4. Spectral Characteristics of 
Blackbody Radiation. A blackbody is 
a body that absorbs all radiant energy 
incident upon it, neither transmitting 
nor reflecting any of this radiant 
energy.* No substance behaves as a 
perfect blackbody, but very close ap¬ 
proximations to blackbodies can be 
constructed (see § 8.5). 

The spectrum of a blackbody radiator is continuous. From the 
short-wave end, the spectral intensity curve rises rather sharply to a 
maximum and then tapers off more gradually toward still longer 
wavelengths (Fig, 8.1). The position of the maximum depends on 
the temperature of the radiator, in accordance with Wien’s displace¬ 
ment law: 

= b (8*1) 



0 lopoo 20p00 sopoo 40P00 SOPOO 
Wavelength in A 

Fig. 8.1. Intensity distribu¬ 
tion as a function of wavelength 
for blackbody radiators of the 
same total wattage output. 


* It should be recalled that this discussion is confined to the optical region of the 
spectrum (infrared, visible, and ultraviolet), hence we are here concerned with black¬ 
body characteristics within the optical region. 
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where is the wavelength, in angstroms, of maximum intensity; 
T is the temperature, in degrees Kelvin; and h is a constant = ^.884 
X 10^. The total radiation depends on the temperature of the 
radiator in accordance with the Stefan-Boltzmann law: 


W = <tT^ (8.2) 

where W is the total radiant power, in watts/cm^ area of source, and 
(T is a constant = 5.735 X The distribution of intensity as a 

function of wavelength is given closely by Planck’s radiation law 
(shown here as applied to spectral energy measurements of band 
width d \): 

J^d\ = 4^ d\ (8.3) 

^ - 1 

where is the spectral radiant intensity (watts per steradian per cm 
wavelength), d\ the spectral band width (in cm), A the area of the 
source (in cm-), C\ the first radiation constant (1.177 X 10~^^ watts 
cm‘^), C 2 the second radiation constant (1.4320 cm deg), and e the base 
of natural logarithms (2.718+). The curves of Fig. 8.1 were com¬ 
puted from Eq. (8,3). 

The Planck radiation formula is somewhat cumbersome to handle, 
and for many practical purposes the Wien formula, which is an 
approximation of simpler form, may be used without causing appre¬ 
ciable error. This is of the form 

J^d\ = Aci\~\~^d\ (8.4) 

the constants having the same values as in Eq. (8.3). The errors 
introduced by using the Wien equation are smallest for small values 
of \T. When \T is less than 0.5 cm deg, these errors are less than 
probable errors of measurement. Extensive tables giving the radiant 
power per unit wavelength interval at various wavelengths will be 
found in the International Critical Tables.^ Methods of applying 
the radiation laws to the sensitivity standardization of photographic 
plates and photocells are discussed in § 13.5. 

Those thermal radiators which are not blackbodies do not radiate 
precisely in accordance with the above laws, but the correspondence is 

* Intemationcd Critical Tables. New York: McGraw-Hill Book Company, Inc., 
Id29. 
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sufficiently close to permit computation of the approximate charac¬ 
teristics of the radiation to be expected from such sources when their 
operating temperatures are known. 

In presenting data regarding nonblackbody thermal radiators, 
reference is frequently made to the brightness temperature, radiation 
temperature, or color temperature. The brightness temperature or 
radiation temperature is the temperature at which a blackbody would 
have the same brightness or radiate the same power in a particular 
wave band as the given nonblackbody radiator. Since blackbodies 
are more efficient radiators than nonblackbodies, brightness or 
radiation temperatures are less than the true temperatures of non¬ 
blackbody radiators. The color temperature is the temperature at 
which a blackbody would have to be maintained to match the visible 
color of a particular nonblackbody radiator, for example a metal. 
The color temperature may be much higher than the actual tempera¬ 
ture of the nonblackbody rjidiator, since there is a tendency for the 
spectra of such nonblackbody radiators as metals to be shifted toward 
the blue as compared with those of blackbody radiators. Optical 
pyrometers of the vanishing-filament type measure brightness 
temperatures. 

8.5. Blackbody Radiators. Blackbody radiators are useful as 
standards in the visible and infrared regions betrause their radiation 



a 


Fig. 8.2. Cross section of a simple blackbody, consisting of an electrically heated 
metallic tube with small hole, a. through which radiation is observed. 

distribution is completely determined by their temperature, as in¬ 
dicated l)y Eqs. (8.1) through (8.4). A clo.se approximation to 
blackbody radiation is obtained by viewing a uniformly heated cavity 
of opaque material through a hole that is small in proportion to the 
size of the cavity.^ Various designs of practical cavity-type black- 
bodies have been described (General Reference 8.1). One of these 
is illustrated in Fig. 8.2. 


2 F. K. Richtmyer and E. H. Kennard, Introduction to Modern Physics. New York. 
McGraw-Hill Book Company, Inc., 1942. 
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8.6, Incandescent Electric Lamps. These are useful sources for 
visible, near infrared, and near ultraviolet radiation, because they 
have highly uniform and predi(‘table spectral intensity characteristics. 
Thus according to Forsythe (General Reference 8.1), a new gas-filled, 
single-coil, 115-volt, 100-watt lamp, operated at a color tempera¬ 
ture of 2870°K with a rated life of 750 hr and a luminous efficiency 
of 15.4 lumens per watt, has a spectral intensity distribution in the 
visible region that c‘an be matched by that of a blackbody operated 
at a temperature somewhere in the range from about 2865 to 2875‘^K. 
Since the radiation characteristics of incandescent lamps are well 
known and are relialdy c‘onstant when the lamps are new and are 
operated at rated voltage, such sources serve as good secondary 
standards, when calibrated *n c'omparison with blackbodies, for deter¬ 
mining the sensitivities of thermopiles and other radiation-sensitive 
devices. 

Data on the brightness and radiance of tungsten filaments are 
shown in Tables 8,2 and 8.3. Table 8.4 shows the color temperatures 
and maximum brightnesses of various lamps. 


TABLE S.ie 

Data for Brightness and Hadianoe of Tungsten^ 


Temperature, 

(.\)l()r 

temperature. 

(’an dies 
[>er cm* * 

1 

Total lumens 
per watt 
input 

Radiant 
dux. watts 
per cm* 

i25()0 

4557 

437.5 

11.67 

67.4 

4800 

4003 

347.0 

14.48 

80.6 

4700 

4770 

498.0 

17.46 

95.6 

4800 

4878 

694.0 

40.43 

114,5 

4900 

4986 

949.0 

43.80 

134.5 

3000 

3094 

1457.0 

47.10 

154.5 

3100 

3404 

1647.0 

31.0 

177.5 

3400 

3311 

4110.0 

34.6 

403.0 

3300 

1 3444 

4685.0 

38.5 

434.0 

3400 

3533 

3370.0 

44.6 

464.0 

3500 

,3046 

1 4440.0 

45.9 

300.0 

3855t 

3817 

5740.0 

53.1 

360.0 


^ W. E. Forsythe and E. M. Watson, Jour, Opt, Soc, Am., 24, 114-118 (1934). 
* Equivalent to lumens per cm* per steradian. 
t Melting point of tungsten. 
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TABLE 8.3 

Data for Steradiancy of Titnosten^ at 2800 °K 


Watts/cni^/steradian 
in 100 A band 


3,000. . 8.8 X 10-4 

4,000.1.46 X 10-2 

5,000.5.98 X 10-^ 

6,000. .1.29 X 10-1 

7,000.1.95 X 10-1 

8,000.2.44 X 10-1 

9,0fK).2.66 X 10-1 

10,000.2.70 X 10-1 


TABLE 8.4 

Color Temperature and Maximum Brkditnebs of Various 
Incandescent Lamps 


liiimp 

Color temp., 

Max. brightnes.s, 
candles/cm* 

Regular 50-watt 

2670 

469 

75-watt 

2705 

563 

100-watt 

2740 

605 

200-watt 

2810 

781 

1000-watt .stereopticon 

3175 

2066 

Photoflood 

3360 

3100* 

6.4-volt auto 

2905 

066* 

Ribbon filament 

2800 

694* 

Projection 

3311 

2110* 


* Computed. 


For spectroscopic applications, concentrated, uniform sources of 
high brightness (or radiance) are desirable. These requirements are 
most closely met by projection lamps, automobile headlight bulbs, 
and ribbon-filament lamps. The latter two types may be used 
advantageously in applications in which the emission is required to be 
free from short-time fluctuations, since they are low-voltage devices 
that may be operated from storage batteries. 

The radiant power output of incandescent lamps decreases with 
time, as a result of evaporation of metal from the filament onto the 
inside of the bulb. The life L is markedly decreased by increase in 
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the operating voltage V, as shown by the following expression 
(General Reference 8.1): 


L2 KlJ 


(8.5) 


8.7. Enclosed Metallic Arcs with Incandescent Electrodes. In 

this category are several sources in which the bombardment of elec¬ 
trodes by ions in an arc stream raises the tem]:>erature of one or more 
electrodes to incandescence, causing them to emit radiation. These 
might be classed as arc sources, but since the radiation they emit is 
principally from the incandescent electrodes, they are included here 
with thermal radiators. All these sources must be operated in series 
with ballast resistors or reactors, since they have the negative poten¬ 
tial-current characteristics of arcs (see 
§ 8 . 10 ). 

The Pointolite is an enclosed tung¬ 
sten-electrode arc in an argon atmos¬ 
phere. For DC operation, it is 
constructed with a tungsten ball as 
anode and a tungsten rod-and-coil 
filament in series as cathode (Fig. 8.3). 

The AC Pointolite is similar in prin¬ 
ciple but has two tmigsten balls that 
operate alternately as anodes on suc¬ 
cessive half cycles. Usual sizes for 
the DC Pointolites are 30, 100, 500, and 1000 candle power, and for 
the AC, 150 candle power. Further data are given in Table 8.5. 

The General Electric photomicrographic lamp is a variant of the 
S-1 sun lamp, described in § 8,14. It contains a small cup-shaped 
electrode, about 0.25 cm in diameter, placed slightly behind a tungsten 
ring of somewhat larger diameter. These electrodes, between which 
the arc is maintained, are connected by a V-shaped coiled-tungsten 
filament. The atmosphere in the bulb is argon together with mer¬ 
cury vapor from an excess of metallic mercury. The bulb must be 
burned base up, so that the mercury pool remains near the tip. The 
lamp is operated on alternating current from an autotransformer. 
The cup-shaped tungsten electrode becomes very hot during opera¬ 
tion, emitting visible radiation of intense brightness (see Table 8.5). 
Considerable radiation also arises from the arc stream, the mercury 
lines being clearly visible in the spectrum. 



Fig. 8.3. DC Pointolite. h. Bi¬ 
metallic strip; K. key for start¬ 
ing; Ri and Ri, ballast resistors. 
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The Western Union concentrated ar(fi> * operates in argon at at¬ 
mospheric pressure by ionic bombardment of a metallic film of 
metallic zirconium or zirconium oxide. It is a DC lamp, operated 
from a suitable rectifier that provides high voltage for starting and 
low voltage for operation. Alternatively, it may be operated in 
series with a suitable ballast resistor and r-f choke directly from 
110“volt DC mains. Means such as a Tesla-coil vacuum leak tester 
must then be provided for starting. The cathode consists of a cup 
of tungsten, molybdenum, or tantalum packed with zirconium oxide; 
the anode is a sheet or plate of similar metal. The lamp is operated 
under suitable conditions until a thin metallic film of molten zir¬ 
conium forms on the surface of the oxide in the cathode cup, after 
which it is ready for service. The spectrum exhibits a continuum 
from the incandescent zirconium metal (temperature about SOOO'^K)* 
superposed upon which are argon and zirconium lines from the arc 
stream. The brightness, which is very high initially (Table 8.5), 
increases with age, whereas the spot size and total candle power 
decrease. The current density is about 900 amp/cm^ for the 2>watt 
size, whereas the diameter of the luminous spot is only a few thou¬ 
sandths of an inch. 

Descriptions of several special incandescent-electrode metallic arcs 
in addition to those described herein, are given in General Reference 8.1. 

8.8. Low-Temperature Thermal Radiators. Several thermal radi¬ 
ators that operate at comparatively moderate or low temperatures 
(about 2000^K or less) are useful as emitters of infrared radiation 
(see Chapter 17). 

The Nernst glower (§ 17.1) is a high-resistance element made prin¬ 
cipally from zirconium, yttrium, and thorium oxides, which is main¬ 
tained at an appropriate radiation temperature by passage of an 
electric current after preheating to make it conducting. The pre¬ 
heating may be accomplished automatically by an electric heater, or 
a Bunsen flame may be used. To ensure constancy of output, 
photocell-electronic regulating circuits may be employed. It is 
claimed that one such device maintains the radiant emission to 
within 0.1 per cent of the average value. A typical glower for 
110-volt AC or DC operation is in the form of a rod 1 mm in diameter 
and 10 mm long, and consumes 1 amp at 95 volts. This source has 

W. O. Buckingham and C. R. Deitert, Jour. Opt. Soc. A m.y 3<5, 245 (1946). 

® The Concentrated-Arc Lamp: A New Type of Light Source. Water Mill, N. Y.; 
The Western Union Telegraph Co. 
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a negative temperature coefficient and must be operated in series with 
a ballast resistor. Th^ radiant emission is high in the near infrared 
but low in the far infrared. The visible emission is sufficiently high 
to permit use in this region when a uniform source of moderate bril¬ 
liance in the form of a rod is desired. 

The Globar rod (§ 17.1) is a resistance heating element commonly 
used in electric furnaces and heaters. It has a high emissivity in the 
far infrared and is advantageous for measurements beyond 10 g. If 
operated at above-normal voltages, it may have a radiance as high as 
60 watts/cm^, at a brightness temperature of about 1S00°K. 

The Welsbach mantle has high emissivity in the infrared beyond 8 ii 
as well as in the visible, whereas its near infrared emissivity is rela¬ 
tively low. A piece of Welsbach mantle heated by a gaseous dis¬ 
charge serves as a satisfactory source for far infrared work. 

Hot glass, which may be heated by embedded wires carrying an 
electric current, is a good emitter in the far infrared.^ Heated films 
of crystalline powders^ have been used as selective radiators in the 
infrared. 

8.9. Other Thermal Radiators. W. M. (]ohn® lias developed a 
thorium lamp that depends for its emission on bombardment of a 
thorium target with an electron stream at 25 kv, 1 ma. This source 
is nearly free from infrared and red radiation and has a continuous 
spectrum extending well into the ultraviolet. 

Photoflash lamps^® have maximum intensities of about 860,000 
candles and flash durations of 0.08 to 0.06 sec. They emit radiation 
through the electrical ignition of a thin sheet of crumpled aluminum 
in an atmosphere rich in oxygen. The maximum temperature reached 
is about 9500°K. 

Luminous flames, such as those of the kerosene lamp, yield con¬ 
tinuous spectra as a result of the heating of carbon particles in the 
flame. They are of insufficient brightness or steadiness to be of 
interest in modem spectroscopy. Nonluminous flames, such as that 
of the Bunsen burner, are often used to excite characteristic emission- 
spectrum lines of Ba, Ca, Na, Sr, and other elements by the insertion 
of salts of these substances in a hot portion of the flame. This method 
is mainly useful for demonstrations or as a source of alkali-metal lines 

^ C. H. Cartwright, Phys. Rev., 35, 415 (19S0). 

* A. H. Pfund, Jour. Opt. Soc. Am., 23, 270 (1933). 

® W. M. Cohn, Phydk. ZeiUchr., 32, 559 (1931). 

W. E. Forsythe and M. A. Easley, Jour. Opt. Soc. Am., 21, 685 (1931). 
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when a suitable discharge lamp is not available. Many methods of 
introducing the materials into the flame have been suggested; one 
of the simplest and most effective is to soak a strip of filter paper in 
a solution of the salt and wrap the paper around the Bunsen burner 
so as to form a tube extending about half an inch above the top of 
the burner. By the use of oxyacetyleue or oxypropane flames, suffi¬ 
cient temperatures may be obtained to excite the characteristic line 
spectra of more than a dozen elements for quantitative emission 
analysis, and such sources are used in flame photometry. 

A graphite-tube furnace has been developed by King (General 
Reference 8.1) for studying the high-temperature emission spectra of 
various substances. 

Exploded wires afford a means of obtaining radiation of high 
intensity, particailarly in the ultraviolet. The method consists in 
dis(!harging a high voltage (about oO.OOO) from a condenser (of say 
0.^ to 0.5 ^f) through a thin wirei’^ or tlirough an asbestos fiber 
saturated with a solution of metallic salt,^^- with a minimum of 
inductance in the circuit. The wire or fiber may be mounted in a 
groove in a block of insulating material. The discharge is extremely 
noisy. The sjiectrum is continuous at ordinary atmospheric pres¬ 
sures ex(;ept for absorption lines arising from the vapor of the metal 
exploded. 


OPEN ARCS 

8.10. Electrical Characteristics. Arcs between electrodes of mate¬ 
rials having high thermal conductivity, such as metals, tend to extin¬ 
guish more readily than those between materials of low conductivity, 
such as graphite. This characteristic accounts for the fact that it is 
very difficult to maintain an arc between metallic electrodes on 
alternating current, whereas with carbon electrodes this is not true. 

The equation relating voltage and current in an open arc is 

V^A + f^ ( 8 . 6 ) 

where A and B are constants, I is the current, and x depends on the 
anode material and is equal to 1 for carbon, 1.38 for tungsten, and 
0.67 for copper. It will be noted that this equation indicates a 

J. A. Anderson, Astropkys, Jour., 51, 37 (1920). 

“ R. A. Sawyer and A. L. Becker, Astropkys. Jour., 57, 98 (1923). 

w W. B. Nottingham, Am. Inst. Ekct. Eng.A2 ,12 (1923); Phys. Rev., 28, 764 (1926). 
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negative potential-current characteristic; as the voltage increases, 
the current decreases, and vice versa. It is generally necessary, 
therefore, to use a suitable ballast resistor (or a reactor for AC opera¬ 
tion) In series with the arc to achieve stability of operation. When a 
DC arc is operated from a suitable redifier, the ballast resistor may 
be dispensed with by designing the transformer supplying the rectifier 
tubes to have effective regulation in controlling the DC output. It 
is often useful to include a suitable reactor in series with a D(^ arc to 
damp out incipient oscillations and to build up a voltage if the arc 
starts to die out. 

Direct-current carbon arcs operate at voltage drops of from 30 to 
60 volts across the arc terminals, carbon arcs at 80 volts or more, 
and DC iron and copper arcs at 20 to 90 volts. 

8.11. Carbon Arcs. There are two principal types of carbon arcs: 
incandescent arcs^ in which the incandescent ends of the electrodes are 
the main source of radiation, and flame arcs, in which the radiation 
comes primarily from the arc space. 

Incandescent arcs may use solid or cored carbons. In DC arcs, the 
maximum brightness is in the positive crater. The total (*andlc 
power is directly proportional to the current. The briglitness is 
proportional to the current density. The carbon diame'ter must l>e 
increased as the current is increased to achieve effective stable op^^ra- 
tion, but higher current densities are attainable, in general, with the 
larger carbon sizes. The plain carbon arc operates at about 55 volts, 
4 to 8 amp for small laboratory arcs and 20 to 40 amp for jirojector 
arcs. The spectrum of the incandescent carbon arc consists of a 
continuum arising from the approximately blackbody emission of the 
hot electrodes (principally the anode in DC arcs), upon which is 
superposed a series of lines characteristic of the materials vaporized 
into the arc stream. 

Flame carbon arcs use hollow carbons packed with core materials 
of various substances; salts of strontium, calcium, cobalt, or sodium 
are frequently employed. The usual burning position is vertical. 
The highly luminous area is an extended arc stream, roughly ellipsoidal 
in shape, the projected area of which is approximately equal to that 
of a circle twice the diameter of the carbons used. For the same 
current consumption, the carbon size used is generally somewhat 
larger than that for incandescent arcs (see Table 8.6), The spectrum 
consists principally of closely spaced lines emitted by excited atoms 
in the arc stream. By varying the core material, it is possible to 
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modify the spectral emission in particular regions substantially. 
Appropriate cores give high emissivity in the ultraviolet. 


TARLK 8.6 

Chahacteristk’S of ('auron Aims as Luminous Souuces 
(Based on data in General Reference 8.1) 





Garbon 

Candle 

I'ype 

Volts 

Amp 

diam., era 

power* 

Plain carbon 





(low intensity) 

5.5 

5 

0.8 

L.8.50 


55 

,80 

1.2 

8,500 


55 

40 

1..8 

11,900 

Suprex carbons 

n 

40 

0.6 

8,1.50 


.84 

50 

! 0.7 

11,600 


.85 

65 

0.8 

! 17,100 

High intensity 

90 

195 

1.6 

i 88,400 

Flame arcs, white flame 

1 55 

60 

1.5 

15,900 


* Mean spherical candle power for flame arc; candle at for high intensity arc 
and at 80° for Suprex 0.7 and 0.8 cm carbons; horizontal candle power in all other 
cases. 

t Emission from crater of positive carbon only in the case of plain and high-intensity 
arcs; from the entire area of the positive carbon in the case of Suprex arcs. 

In continuously operated arcs, the maintenance of constant inter¬ 
electrode distance as the electrodes wear away may be accomplished 
by hand-feed devices or by automatic clockwork or motor-drive 
mechanisms. Very reliable feeding mechanisms, which should find 
application in the spectrographic laboratory, have been developed for 
motion-picture projector arcs. 

For AC operation, high voltages (about 2500 to 5000) are some¬ 
times used in spectrographic work to trigger the discharge on each 
half cycle, the supply circuit being designed so that the voltage drops 
almost instantaneously to normal arc-operation values as soon as the 
arc is established.^^ 

8.12. Metallic Arcs. Arcs of many metals, such as copper, 
nickel, cadmium, thallium, and tungsten, are used as spectroscopic 
sources in the study of emission spectra (Chapters 9 and 15). As an 
alternative to placement of the sample in a hollow carbon electrode, 

O. S. Duffendack and K. B. Thomson. Proc. Am, Soc. Testing Materials, 36, II. 
301 (1936); commercial arcs of this type are available for use in spectrochemical 
analysis. 
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arc electrodes may be formed directly from metallic samples for 
qualitative and quantitative emission-spectrum analysis (Chapters 15 
and 16). Horizontal rotating electrodes have been used in iron arcs 
to permit long-continued operation. King^^ and Gerdien and Lotz^® 



Fig. 8.4. Pfund arc. 


developed special arcs for studying the spectrum of iron and other 
metals, in which water-cooled electrode holders permit the use of 
extremely high current densities. 

Pfund developed a very steady type of metallic arc, shown in 
Fig, 8.4, which though ordinarily used with iron electrodes can also 
be used with electrodes of copper and some other metals. Owing to 

A. S. King, Astrophys. Jour., 62, 238 (1925). 

“H. Gerdien and A. Lotz, ZeiUchr. tech. Phydk, 4, 157 (1923); 5, 515 (1924). 

A. H. Pfund, Astrophys. Jour,, 27, 298 (1908). 
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the reproducibility of the lines produced by the iron arc of the Pfund 
type, it has been adopted as a source for secondary standard lines 
(§ 9.8). The source is specified by the International Astronomical 
Union as “the Pfund arc 
/operated between 110 and 
250 volts, with 5 ami)s 
or less, at a length of 
12-15 mm used over a 
central zone at right angles 
to the axis of the arc, not 
to exceed 1 1.5 ram in 
width, and with an iron rod 
6-7 mm diameter as the 
upper pole and a bead of 
oxide of iron as the low’^er 
pole." With protection 
from air currents the Pfund 
arc (‘an be drawn out to 
lengths of 20 nirn or more. 

The lower elec^trode is usu¬ 
ally made half an inch in 
diameter, tapered conically 
to a cup that holds the 
bead of iron oxide. To 
avoid deforming the cup 
when the arc is first struck, 
a small bead of iron may 
be deposited in the cup, 
the arc being struck with 
a nail held in an insulating Fig. g.s. Arc or spark electrode holder, 
handle. The upper elec- (Courtesy Baird Associates, Cambridge, Mass.) 
trode should be made 

negative, and a suitable ballast resistor and reactor should be used 
to operate the arc from 220 or more volts direct current, to ensure 
stability. 

Figure 8.5 shows a convenient type of arc holder for use with rod 
electrodes. It is characterized by having adjustments that give 
vertical control of the arc height, and horizontal and arc-length 
adjustments, so that the operator can keep an arc of proper length 
centered on the spectroscope slit. 
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ENCLOSED ARCS 

8.13. Electrical Characteristics. Enclosed arcs, like open arcs, 
have negative potential-current characteristics and must be operated 
with series resistors and reactors, or from special transformer or 
re(‘tifier circuits having appropriate regulation characteristics. 

The potential drop across a particular arc and the current through it 
depend on the pressure of the conducting vapor between the elec¬ 
trodes, After the arc is started, a rise in temperature ensues, result¬ 
ing in an incTease in the pressure of the vapor, a decrease in the cur¬ 
rent, and a rise in the potential drop between the electrodes. The 
final operating condition depends on the equilibrium temperature 
between the arc and its surroundings. This temperature in turn 
depends on whether the arc; is ventilated or is cooled by an air blast 
or by running water. The equilibrium condition is apt to be rather 
unstable unless the operating temperature is controlled automatically 
within narrow limits by such means as an intermittent or variable 
air blast. 

The usual operating voltages and currents for low-pressure metallic*- 
vapor enclosed arcs arc respectively about 30 to ^200 volts and 3 to 
8 amp. For high-pressure rnetallic-vapor arcs, the operating voltage 
may be 800 or more. The excitation in the arc stream increases as 
the pressure is lowered, so that vacuum arcs may show higher 
excitation than sparks. 

8.14. Low-Pressure Mercury Arcs. These arcs usually operate at 
pressures of about 1 atmosphere or less. They are good sources for 
isolation of monochromatic radiation corresponding to the principal 
mercury lines, for example in the excitation of the Raman effect or 
in monochromatic irradiation experiments. Water-cooled arcs, sucli 
as the Kromayer and Burdick thera{>eutic lamps, operate at lower 
temperatures and pressures than air-cooled arcs, and yield spectra 
comparatively free from continuous background. 

There are three principal types of low-pressure mercury arcs: 
(1) those with two liquid mercury electrodes, (2) those with a cathode 
of liquid mercury and an anode consisting of a spiral of tungsten wire 
(DC Uviarcs), and (3) those with tungsten or oxide-coated metal 
electrodes and an atmosphere that contains, in addition to mercury, a 
small amount of argon or neon for starting the arc by ionization. 

The first two types of lamps are normally s?tarted by tilting the arc 
mechanically until contact is established between the electrodes, as a 
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result of the flow of metallic mercury through the arc tube, and then 
restoring the tube to its initial position so that the contact is broken. 
The tungsten coil must be made positive in the Uviarc; otherwise the 
arc will go out or the coil will quickly be burned out by bombardment 
with mercury ions. A reactor should be used in the circuit to provide 
an induced high voltage to help maintain the discharge when contact 
is broken. Many ingenious electrical and electromechanical devices 
have been designed for starting arcs of the first two types auto¬ 
matically. However, when automatic starting is desired, it is now 
more customary to employ arcs of the third type. These depend on 
thermionic emission from the electrodes (or from an auxiliary fila¬ 
ment) to excite ions in a gas such as argon, and on the use of suflS- 
ciently high intercleclrode potentials so that the accelerated argon 
ions excite mercury ions by collision. Such arcs, if properly designed, 
will operate on 60-cycle alternating current with extinction of the arc 
at each half cycle. 

Arcs of the third type are obtainable in envelopes of quartz or of 
ultraviolet-transmitting glasses, such as Corning Corex. The latter 
are frequently used for “sun lamps” in order to restrict the transmitted 
radiation approximately to the spectral range of sunlight, the short¬ 
wave limit of which is about 2900 A. 

Data regarding the radiant emission of low-pressure mercury arcs 
at wavelengths corresponding to the principal mercury lines have been 
published by McAlister^^ and others (see General Reference 8.2). 

Alternating-current Uviarcs^^ in quartz are convenient line sources 
of ultraviolet radiation down to about 1850 A. The electrodes are 
helices of wire, the interstices of which are filled with rare-earth 
oxides. The electrode material contributes little to the nature of the 
arc stream, so these lamps are sometimes classed as discharge tubes 
rather than arcs, but their operating pressure (| to 1 atmosphere) is 
higher and their potential gradient (about 12 volts/cm) lower than 
those (jharacteristic of discharge tubes. A small amount of argon, 
added to the completely vaporized mercury in the tube, serves to 
initiate the discharge. The quantity of mercury to be used is deter¬ 
mined by the fact that the voltage gradient varies directly as the 
yV power of the mass of mercury per unit tube length and inversely 
as the I power of the inside tube diameter.^® Alternating-current 

E. D. McAlister, Smiifutonian Mine. Collect.^ 87, No. 17, 1 (1938). 

L. B. Johnson and S. B. Webster, Rev. Sci. Inst., 9, 3^ (1938). 

W. Elenbass, Physics, 4, 747 (1937). 
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Uviares are operated from high-reactance transformers, which pro¬ 
vide the necessary ballast for stable operation. Maximum output is 
attained in about 4 min after the arc starts. The lamps may be 
burned in any position. In all cases it should be remembered that 
the radiation from a mercury arc changes greatly as it warms up. 

The General Electric S-1 sun lamp employs tungsten electrodes, 
connected by a tungsten filament, in an atmosphere of mercury and 
argon. Its spectrum shows the mercury emission lines superposed 
upon a continuum from the tungsten filament and electrodes. The 
lines of shorter wavelength than 26f)4 A are absorbed almost com¬ 
pletely if the bulb is Corex D glass; this transmission limit is shifted 
to the 2894 A line if Corning glass No. 690 is used. 

8.15. High-Pressure Mercury Arcs. Several high-pressure mer¬ 
cury arcs have been developed for use primarily as luminous 
sources.^^"'^ These operate at comparatively high current densities 
and at pressures ranging from 1 to 80 atmospheres (Table 8.7). Their 
spectra exhibit, in general, much stronger continua and a greater 


TABLE 8.7 

Data on High-Pukshukk Merccky Arcs’^'* 


Type 

H-3 

11-4 

H-5 

H-G 

Watts (lamp) 

85 

100 

250 

1,000 

Lumens (100 hr) 

3000 

3500 

10,000 

G5,000 

Pressure (atm) 

,30 

8 

4 

80 

Maximum lumens/cmVsteradian 

900 

400 

300 

30,000* 

Source length (cm) 

1.8 

2.4 

4.3 

2.5 

Source diameter (cm) 

0.4 

0.75 

1.3 

0.2 


* The average value appears from computation to be about G500. 


proportion of energy in the visible region than is characteristic of low- 
pressure mercury arcs. Like AC Uviarcs (§ 8.14), they employ 
oxide-coated electrodes, together with an atmosphere of argon for 
starting the arc, and are operated on alternating current from trans¬ 
formers with sufficient reactance to serve as ballast. After starting, 
these sources require several minutes of operation to reach maximum 
total radiant output. 

B. T. Barnes, W. E. Forsythe, and W. J. Karash, General F2ectnc Rev., 42, 540 
(1939). 

^ E. B. Noel, Jovr. Appl. Physics, 11, 425 (1940). 

^ B. T. Barnes and W. E. Forsythe, Jour. Opt. Soe. Am., 27, 83 (19.37). 

J. Buttolph, Jour. Opt. Soc. Am., 29, 124 (1939). 
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Tlie arc envelopes are of quartz. These are surrounded by jackets 
of glass except in the case of the H-6 water-cooled lamp (Fig. 8.6), 
for wliich outer jackets of either quartz or glass may be obtained. 
Some of the lamps with glass outer jackets cannot be operated with 
the outer jacket removed without damage to the arc envelope seal 
and hence are useful only for visible radiation and ultraviolet to 
about 3000 A. With a quartz outer jacket, the 11-6 lamp gives a 



Fig. 8.6. High-pressure, water-cooled, 1000-watt quartz mercury arc. {a) 
Quartz-arc capillary tube containing mercury vapor, (b) Housing, consisting of 
quartz or glass tube with metal end fittings, to permit cooling the arc tube with 
flowing water. 

strong continuum in the ultraviolet to about 2270 A, with reversals 
at 2350 and 2537 A. The lines are superposed upon the continuum 
but are not prominent. The H~3 and H-4 lamps with outer jackets 
removed (or with holes punctured in the jacket for transmission of 
radiation) yield the mercury line spectrum in the ultraviolet super¬ 
posed upon strong continua. Tlie short-wave limit of emission is 
about 2120 A, and the 2537 A line is reversed. 

Because of its high radiant emission from a small emitting area 
(Table 8.7), the H-6 arc is an excellent source for applications in 
which high radiance is required in the range from about 2700 A 
through the visible and near infrared regions, and in which a strong 
continuous spectrum is desirable. For shorter wavelengths or for the 
isolation of monochromatic radiation, other sources may be preferable 
even when the highest radiance is required. On alternating current, 
the H-6 arc must be operated in the horizontal position; on direct 
current, it may be operated vertically, with the cathode as the upper 
electrode, using a supply capable of delivering 1220 volts at 1.2 amp 
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and a ballast resistor which, at 1.^ amp, will reduce the potential 
across the arc to about 840 volts. 

8.16. Other Enclosed Metallic-Vapor Arcs. The 200-watt G.E. 
sodium-vapor arc has an output of 10,000 lumens and a brightness of 
about 6 candles/cm^ the radiation being concentrated primarily in 
the sodium lines near 5890 Commercial enclosed metallic-vapor 
arcs yielding spectra of cadmium and zinc, as well as sodium are 
available.-^ Enclosed metallic-vapor arcs have been designed for 
emission of characteristic lines of antimony, bismuth, iron, lead, 
potassium, selenium, tellurium, and tin (General References 8.1, 8.2). 

8.17. Enclosed Carbon Arcs. With suitably designed enclosures, 
carbon arcs may be operated at increased j)ressures in various inert 
atmospheres-® (including nitrogen, argon, helium, and hydrogen) or at 
reduced pressures as compared with the normal operating pressures 
of o{)en arcs. The effect of increasing the pressure is to incTcase the 
operating temperature, accentuate the continuous background, and 
broaden the characteristic spectrum lines. The effect of reducing the 
])ressure is to narrow the emission lines and to yield lines characteristic 
of higher excitation energies. 

DISCHARGE TUBES 

8.18. General Characteristics. A distinction has been made l)e- 
tween ar(?s and discharge tubes on the basis that arcs are characterized 
by appreciable contribution of the ele(;trode material to the ionic 
discharge stream and to the emission of radiation. This distinction 
is not always clear-cut. There are, however, other distinguishing 
characteristics that mark discharge tubes as different from arcs: 
(a) they operate at lower pressures (usually less than 0.01 atmosphere), 
lower current densities, and lower temperatures than arcs; (b) a 
higher potential gradient (up to several hundred volts per cm) may 
be required to maintain the discharge; and (c) the spectra emitted 
show lines of higher excitation energy and other differences. 

Discharge tubes are usually operated from spark coils or trans¬ 
formers supplying high voltage (2000 to 20,000 volts) and low current 
(4 to 00 ma). Spark coils have the advantage for some applications 
of supplying unidirectional pulses, the induced voltage developed 

^ Electric Discharge and Other Lamps. I^ndou; Adam Hilger, Ltd., 1940 . 

^ F. Paschen, Ann. d. Physik, 12, 509 (1932). 
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when the primary interrupter makes contact being much less than 
that when it breaks contact. Transformers for operating discharge 
tubes should have sufficient reactance to limit the secondary current 
to a safe operating maximum. Sign-lighting transformers are de¬ 
signed with such characteristics and are available in a sufficiently 
wide variety of specifications to meet most needs for AC discharge- 
tube operation. High-voltage rectifier circuits may be used in special 
instances in which direct current is required. Finally, electrodeless 
discharge tubes may be excited by placing them in a high-frequency 
field. 

As a general rule, the brightness or radiance of discharge tubes is 
comi)aratively low. With certain exceptions, therefore, they are not 
so well ada[)tcd to si)ectroscopic applications requiring highly con¬ 
centrated light sources of great intrinsic brightness or radiance as to 
€ai)[)lications in whi(;h extended sources of high total radiant oiRput 
are desired. 

8.19. Glow-Discharge Tubes* A convenient form of (iieissler 
tul)e for spectroscopic use has two enlarged portions, containing the 
electrodes, connected by a constricted tube (Fig. 8.7). Such tubes 

t> 4CZZl) ' - f c - ^ 

Fig. 8.7. Geissler tube. 

are made either of glass or quartz, and may be obtained unfilled 
(with stopcocks for filling) or filled with various gases such as argon, 
helium, hydrogen, neon, nitrogen, or mercury vapor. The electrodes 
may be of a plain metal, such as tungsten, or may be oxide-coated. 
Excitation is often supplied by a spark coil, but a small sign-lighting 
transformer (about 3000 volts, 6 ma) serves equally well. Geissler 
tubes are chiefly useful for demonstration purposes and to obtain 
narrow lines for reference standards or for interferometry (see 
Chapter 20). 

Another type of discharge tube that is commercially available and 
has somewhat greater br'ghtness, or radiance, than the usual Geissler 
tube has been described by Ryde.^’ It contains two closely spaced 
electrodes in a compact envelope, the discharge being viewed through 


« J. W. Ryde, Nature, 112, 944 (19«3). 
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a window in one electrode. Glass or quartz envelopes may be ob¬ 
tained, with atmospheres of argon, CO 2 , helium, neon, nitrogen, or 
oxygen. The spectrum of the neon tube is rich in sharp lines that 
are useful as secondary wavelength standards. These lamps are 
intended primarily for DC operation at 300 to 450 volts with oxygen, 
nitrogen, and CO 2 , and at ^^00 to ^50 volts with helium, argon, and 
neon. They may, however, be operated on alternating current. 
The current consumption is 5 to 15 ma. 

Hollow-cathode 29 an atmosphere of inert gas, have been 

designed in which radiation is emitted almost exclusively from the 
cathode glow inside a hollow electrode closed at one end (Fig. 8.8). 



Fig. 8.8. Hollow-cathode discharge tube. A, Anode; (\ cathode. 


Spark lines of the metal comprising the cathode occur in the spec¬ 
trum. These tubes are especially valuable for producing sharp lines 
for interferometry (§ ^0.2), or for spectroscopic analysis of small 
quantities of material (Chapter 15). 

Mercury-Vapor Discharge Tuhen, When mercury vapor at low 
pressures is admixed with a small amount of neon or argon in a dis¬ 
charge tube with oxide-coated electrodes, an easily started source is 
obtained in which the ultraviolet radiation is largely concentrated 
in the £537 A mercury resonance line. This fact has been made use 
of in the design of a large variety of discharge tubes for supplying 
(together with appropriate filters), approximately monochromatic 
radiation at £537 A (see General Reference 8.£), to be used, for 
exaRiple, in the excitation of Raman spectra or in ultraviolet pho¬ 
tomicrography. With appropriate cooling it is possible to operate 

Paschen, Ann. d. Pkysik, 50, 901 (1916). 

2 ® H. Schuler, Physi/c. Zeitschr., 22, £64 (1921). 
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such tubes at moderately high-current densities that, together with 
the concentration of emission in the resonance line, give radiance at 
2537 A as great as 10 times that achievable with usual mercury arcs.’^*^ 
Hydrogen Discharge Tubes, One of the most convenient and prac¬ 
tical sources for providing a continuous spectrum throughout the 
visible and ultraviolet regions (especially useful in absorption spec¬ 
trophotometry) is the hydrogen dis(‘harge tube.^^* Such tubes are 



Fig. 8.9. Hydrogen discharge tube for absorption spectroscopy. (C ourtesy 
Adam Hilger, I^td., London.) 


operated at hydrogen pressures ranging from 1 to 10 mrn of mercury, 
at applied voltages from 3000 to 5000 and at currents from a fraction 
of an ampere to several amperes. At the higher current densities the 
lubes must be jacketed and cooled by running water. The discharge 
is usually viewed end on through a quartz window to increase the 
effective brightness.^*’ Several commercial hydrogen discharge tubes 
are available for spectroscopic use (Fig. 8.9). 


G. Kornfeld and F. MUller-Skjold, ZeiUchr, physik Chem., B31, 223 (1936). 
E. O. Lawrence and N. E. Edlefson, Rev. Sci. 7w.s*/., 1, 45 (1930). 

G. B. Kistiakowsky, Rev. Sci. Inst.y 2, 549 (1931). 

R. W, Wood, Phymcal Optics. New York: The Macmillan Company, 1934. 
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Elecirodeless Discharge Tubes. If an electrodeless tube containing 
an appropriate gas at low pressure is pla(‘ed in a high-frequency elec¬ 
tromagnetic field, such as that of a Tesla coil or radar transmitter, a 
glow discharge in the gas will be excited under proper conditions. 
Various methods of construction and operation have been described.'*^ 
One method of excitation is to surround the tube with a close-fitting 
coil of wire carrying the high-frequency electrical current. Sour(*es 
of this type have been used in therapeutic applications and as probes 
to determine the extent of high-frequency fields. They have found 
use in spectroscopy for the production of spectra of multiply ionized 
atoms or gases or metallic vapors and are particularly useful in the 
vacuum ultraviolet. 


ELECTRIC SPARKS 

8,20. General Characteristics. I'he electric spark is an electrical 
discharge across a gap separating two electrodes between which a 
high potential difference exists. The potential gradient necessary to 
initiate such a discharge depends on the gas pressure in the gap, the 
ionization potential of the gas, the shape of the electrodes, and other 
factors. For vsharply pointed electrodes in air at atmospheric pres¬ 
sure the required gradient is about 12,000 volts/cm. 

Cold emission of electrons from the cathode as a result of the high 
potential gradient plays an important part in starting the discharge. 
In this respect, sparks differ from arcs, in which thermionic emission 
accounts primarily for the contribution of electrons to the discharge 
stream. After breakdown occurs, an oscillatory discharge takes 
place, the frequency and duration of which depends upon the con- 
.stants of the electrical circuit. Once the train of succeeding oscilla¬ 
tions and sparks has died out, the gap remains quiescent until the 
potential gradient has been built up again to the point at which a 
disruptive discharge occurs. Diu*mg the oscillatory discharge, elec¬ 
trode material enters the discharge stream as a result of ionic bom¬ 
bardment of the cathode. This effect, again, distinguishes sparks 
from arcs (see General Reference 8.S), in which vaporization by heat 
is largely responsible for the entry of electrode material into the arc 
stream. 


^ J. G. Winans, Rev. Sei. Inst., 9, 20S (1938); see also General Reference 8.2. 
^ H. Kaiser and A. Wallraff, Ann. d. Physik, 34, 297 (1939). 
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As sparks are operated at higher current densities and higher elec¬ 
trode temperatures, they begin to behave more and more like arcs. 
Indeed, under suitable circumstances the transition to an arc dis¬ 
charge may be complete. 

Spark spectra show the emission lines of singly and multiply 
ionized atoms in addition to those of neutral atoms which are char¬ 
acteristic of arc spectra (see Chapter 10). The emission lines of atoms 
of the electrode material normally predominate, in terms of total 
radiant emission, over those of any gases present in the gap, and the 
latter may he suppressed almost entirely by use of a series inductance 
(Chapter 15). 

8.21. The Spark in Air and Other Gases. For spectroscopic use, 
it is convenient to employ electrodes about .S to 4 mm in diameter 
with wedge-shaped opposing ends (Fig. 8.10). 

The electrodes are mounted with the formed 
edges parallel to each otluT and to the optical 
axis of the spectrograph, so that wandering of the 
spark along the edges does not disj)lace it laterally 
with respect to the axis. The gap between the 
electrodes may be from 2 to 8 mm. 

A spark of these specifications may be oper¬ 
ated from an induction coil (“spark’' coil) but 
is much more (‘onvenient to use with a high- 
voltage transformer, the primary of which is supplied with power 
from a 110- or 220-volt AC line. The transformer should be rated 
at 0.25 to 1.0 kva and should develop a secondary voltage of at least 
10,000 and preferably 15,000 or 20,000 volts. 

If a s[)ark is operated directly from a spark coil or transformer, the 
capacitance of the circuit is insufficient to permit appreciable storage 
of electrical energy at the discharge potential. Under this circum¬ 
stance, discharges occur quite frequently, the spark is “thin” and 
comparatively nonlurninous, and the radiance is low, being primarily 
from emission by atoms of the gas in the gap rather than from those of 
the electrode material. If, however, a capacitor of appropriate value 
is connected in parallel with the spark gap (Fig. 8.11), the energy 
dissipated during each oscillatory discharge is greater, and appreciable 
quantities of electrode material appear in the gap and contribute to 
the radiant emission. Although the discharges occur less often (and 
with lower oscillation frequency), they are of so much greater radiance 
that the integrated radiation during a given period of time is con- 


Fig. 8.10. Wedge- 
shaped spark elec¬ 
trodes. 



194 LIGHT SOURCES FOR SPECTROSCOPY [§ 8.21 

siderably larger. It is customary, therefore, to use a capacitor in 
the circuit so as to obtfiin a “hot," bright spark in which the spark 
lines of the electrode material predominate. 

Increasing the value of the capacitor augments the brightness of 
each disru])tive discharge. Obviously, however, the capa(‘itan(*e 
cannot be increased indefinitely. With any transformer of given 
power rating and a circuit of given resistance, ultimately a capacitance 
will be reached which is so great that the transformer cannot charge 
it to a potential sufficient to c-ausc breakdown of the spark gap 
within the time of a half cycle. Then the condenser will simply be 
charged with opposite polarities during succeeding half cycles, without 
any disruptive sparks taking place. Before this condition is reached, 
the spark will become irregular. The ajipropriate (*ircuit constants 


L 
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Fig. 8.11. Electrical circuit for operating a spark. 7\ High-voltage step-up 
transformer; P, primary; secondary; (\ condenser; A, self-inductance (used 
if it is desired to suppress air lines); 6’, spark gap. 


may be computed from principles set forth in standard electrical 
engineering texts. For example, if P is the power in watts retjjuired 
to charge a condenser of capacity C in farads to a maximum voltage To 
at every half cycle from an AC circuit of frequency F cycles per 
second, then P == CVo^F. If C is 0.0£ gf, Uo is 15,000 volts, and 
F is 60 cycles per second, P = 270 watts, or ap}>roximately 0.25 kva. 

Actually, the power rating of the transformer used should be con¬ 
siderably greater than this for satisfactory operation. The practical 
approach to the problem of optimum capacitance is to use a capacitor 
of multiple sections and, with a particular transformer and gap, to 
determine by trial the capacitance which gives a bright but regular 
spark. For use with 0.25 to 1.0 kva, 15,000- to 20,000-volt trans¬ 
formers and gaps of 4 to 5 mm, the optimum capacitance usually lies 
between 0.003 and 0.03 gf.^® 


^3. A. Anderson, Astrophy.^, Jour., 59, 76 (1924). 
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The introduction of an inductance coil in the oscillatory circuit 
(Fig. 8.11), which reduces the frequency of oscillation since F 

= -^ , tends to reduce the intensity of emission lines arising 

^ttVLC 

from tlie atmosphere in which the spark operates, and gives rise to a 
hotter sy)ark. With large values of inductance and capacitance, 
essentially the entire arc sj)ectrum of the electrode material appears^ 
in addition to spark lines. Usual values of the self-inductance L of 
the coil range from 15 microhenries to 1 millihenry; the value essen¬ 
tial for effeedive suppression of the air lines in any particular cavSe 
may be determined by trial. A suitable coil may be made by winding 
40 turns of No. 18 copper wire in a single layer on a 4-in.-diameter 
insulating tube and providing a tap every five turns. 

One difficulty with sparks is their tendency to be irregular. Meth¬ 
ods of overcoming this difficulty include the use of a rotating syn¬ 
chronous spark gap in series with the gap used as a source^^ and the 
use of a low-power, high-voltage interrupted spark to ignite and 
control a high-power, low-voltage spark connected in parallel with it.'^^ 

8.22. The Hot Spark in Vacuum. The a verage excitation energies 
in the spark discdiarge increase as the voltage and capacitance are 
increased. By operating a spark in a vacuum, under which conditions 
high breakdown potentials are required, and by using large capacitors 
and transformers of high power and voltage rating, it is possible to 
obtain bright sparks high in emissivity m the far ultraviolet.'**®’^^ 
Millikan and Sawyer*® and Edlen^® used gap lengths from 0.2 to 
2 mm, voltages of 50,000 or more, and capacitances of 0.01 to 0.5 gf. 
A fixed or rotating external gap is used in series with the vacuum gap 
to obtain uniform discharges (see Chapter 19). 

If wires are exploded (§ 8.9) in vacuum instead of air, the spark 
spectrum of the wire material is obtained instead of a continuum, 

8.23. The Underwater Spark. A spark between metallic elec¬ 
trodes under water yields a continuous spectrum extending to about 


O. Faussner, Archivf. EAsenhilitenwesen, 6, 551 (1932). 

M. F. Hasler and H. W. Dietert, Jovr, Opt. Soc. Am.. 33, 218 (1943). 
R. A. Millikan and R. A. Sawyer, Phys. Rev., 12, 167 (1918). 

B. Edl^n, ZeiUchr. /. Phydk, 100, 621 (1936). 

R. A. Millikan, Astrophys. Jour., 52, 47 (1920). 

^ R. A. Sawyer, Astrophys. Jour., 52, 286 (1920). 

E. Carter, Asifophya. Jour., 55, 162 (1922). 
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2000 A in the ultraviolet/^ The source is of hi^li intrinsic* bright¬ 
ness and is of particular value in absorption spectro})hotometry of the 
ultraviolet (Chapter 14). Electrodes of various metals may be usc^d, 
tungsten steel being particularly satisfactory. The spark gap (3 or 
4 mm in length) is housed in a wjitertight container, with a quartz 
window. Distilled water is used in the container. A high-frequenc*y, 
high-voltage electrical supply from a Tesla coil is used to energize the 
spark. The primary of the Tesla coil is connected tlirough a spark 
gap to a circuit consisting of a capacntor in parallel with the sec;ondary 
of a high-voltage transformer (about 20,000 volts, 1 kva), witli a 
primary for operation from 110 or 220 volts alternating current.) If 
an open spark gap is used in the oscillatory exciting circuit for the 
Tesla coil, operation is extremely noisy; quieter operation may be 
achieved by the use of a quenched gap. 

8.24. The Spark as a Source in Qualitative and Quantitative 
Analysis. If il is desired to observe the s})ark spec*tra of solid cori- 
dueting materials for purposes of identific*atic)n or quantitative anal¬ 
ysis, these may be made the electrodes of a spark gap. The spectra 
of nonc'onductors or of liquids may be observed by introducing them 
into suital)le spark gaps having elec*trodes of af)prc)])riate materials; 
alternatively conducting liquids may be made to serve as the elec¬ 
trodes. Various methods of applying spark spectra to c|ualitative 
and cpiantitative analysis are discussed in Chapters 15 and 16. 


MISCELLANEOUS SOURCES 

8.25. Cathodoluminescence Devices. Radiation may be excited 
by bombarding a gas or vapor with accelerated electrons. The prin¬ 
cipal problem in so doing is to provide an evacuated space for the 
acceleration of the electrons, and a gas space in which impacts may 
occur, without the use of a barrier between them. This result has 
been accomplished in various cathodoluminescence devices'*^* 48 by 
bombarding a metal with electrons in an enclosure that may be con- 


** H. J. McNichoIas, Nat. Bur. Standards Jour. Res., 1, 939 (19^28). 

I. Wyneken, Ann. d. Physik, 86, 1071 (1928), 

^ B. Wrede, Ann. d. Physik, 3, 823 (1929). 

H. Hertz, Wied. Ann., 19, 809 (1883), 

A, S. King and E. Carter, Asiropkys. Jour,^ 44, 303 (1916); E. Carter and A. S. 
King, Asiropkys. Jour., 49, 224 (1919). 
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tinuously evacuated. Small amounts of the metal are vaporized; 
under appropriate conditions the vapor can be confined largely to 
the immediate vicinity of the metal target. The atomic beam for 
producing very narrow lines by this method is discussed in § 20.2. 

8.26. Fluorescence, Phosphorescence, Resonance Radiation, and 
Chemiluminescence. Sources involving these mechanisms for the 
emission of radiation are of low intrinsic brightness and are of interest 
in spectroscopy primarily from the standpoint of studying the spectra 
characterizing the phenomenon concerned. Fluorescence is readily 
excited in many substances by irradiating them with ultraviolet 
radiation. The 3650 A and 2537 A mercury arc or dis<diarge-tube 
lines are particularly convenient for this purpose. 

8.27. Pulsed Discharge Tubes. By discharging a condenser 
through a suitable tube with a minimum of inductance and resistance 
in the circuit, it is possible to obtain brilliant flashes of light of 
extremely short duration. Anderson^^ used this method to excite 
hydrogen discharge tubes, cmf)loying a 2-juf condenser charged to 
35,000 volts. Current densities of the order of 25,000 amp/can^ were 
obtained. The brightness was extremely high, approximating that 
of a bla(*kbody at 40,000'^K, Edgerton^^ has carried out extensive 
investigations of pulsed discharge tubes for application to high¬ 
speed photography, for aerial photography at night, and for other 
uses. In applications in which a maximum of radiance is required 
and a minimum duration of radiation is unobjectionable, such sourc*es 
are extremely useful. 

8.28. The Sun as a Source of Radiation. The sun is a source of 
high intrinsic brightness, yielding radiation extending from the far 
infrared through the visible and ultraviolet regions. Its spectrum is 
continuous but contains thousands of absorption lines, the Fraun¬ 
hofer lines. As the sun’s radiation reaches the earth, it is modified 
further by absorption by CO 2 , O 2 , water vapor, and ozone in the 
various layers of the atmosphere. Typical values for the radiant 
power of sunlight at the earth’s surface in various spectral regions at 
noon on a clear day are given by Luckiesh.®^ 


J. A. Anderson. Asirophys. Jovr., 75, 394 (1934). 

H. E. Edgerton, Elec. Eng., 50, 347 (1931); H. E. Edgerton and K. J. (ierraes- 
haiisen, Rev. Sci. Imi., 3, 535 (1932). 

Matthew Luckiesh, Germicidal, Erythemal, and Infra-Red Energy. New York: 
D. Van Nostrand Company, Inc., 1946. 
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CHAPTER 9 


Identification of Spectrum Lines 


The atoms of the ciiemk al elements that have been studied 
spectroscopically are found to emit, in their various stages of ioniza¬ 
tion, millions of spec^trum lines of different wavelengths. Some of 
these lines are much stronger than others, so that most of the light 
emitted by atoms appears in a smaller number of lines, of which some 
3.50,000 have been measured and listed as to parent atom. I^ss than 
half of these have been classified as to exac t mode of origin in the 
atom. 

Each of the hundreds of thousands of molec ules produced by com¬ 
binations of the elementary atoms emits many characteristic bands. 
The study and elucidation of band spectra is a very important aspect 
of spectroscopy that is still in its infancy. Only in the case of di¬ 
atomic molecules have many bands been c*lassified. 

Every spectrum line has a definite wavelength, characteristic of the 
atom or molecule that emits it and dependent to only slight degree on 
the electrical and magnetic surroundings of that atom or molecule. 
The most precise means of identifying a spectrum line is by its wave¬ 
length, which in much of the spectrum can be determined to seven 
significant figures, in some cases to eight. Other less positive means 
of identification are by observation of the intensity of the line relative 
to other lines in the same spectrum, of the patterns formed in the 
spectrum by groups of related lines arising from the same atom, and 
of the behavior of the line when the source of light from which it is 
emitted is subjected to various external influences, such as variations 
in temperature, pressure, excitation, or electric or magnetic field. 

In general, elements on the left-hand side of the periodic table emit 
comparatively simple spectra. The complexity of the spectra 
emitted increases for the elements in the middle of the table and 
diminishes again slightly for those on the right. The breadth of 
spacing of lines in the patterns formed by groups of spectrum lines, 
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called rmiltiplets, emitted by an element increases from top to bottom 
of the periodic table. This widening causes overlapping of patterns 
and an apparent increase in complexity for the elements lying low 
in the table. Thus the simplest spectra are emitted by the elements 
in the upper left-hand corner of the table, and the most complex by 
those in the middle bottom region. The two extremes are well 
represented by hydrogen and uranium. 

9.1. Identification of Lines and Bands by Appearance. Experi¬ 
ence soon brings the practicing spectroscopist considerable familiarity 
with the aj)pearance of characteristic spectra, so that he can readily 
identify groups of lines at a glance. The color of the visible lines as 
seen in a spectroseo[)e gives a first clue; thus the two yellow lines of 
sodium, at 589G and 5890 A, known as the D lines, are familiar to 
almost every scientist. On a spectrogram the color is lost, but a 
much more precise means of identification is substituted—the position 
of tlie line on the {)late relative to other lines. In Fig. 9.1, several 
characteristic spectra are shown. The spectra of zinc and cadmium 
sliow triple groups of lines, of intensity diminishing toward shorter 



Fig. 9.2. Comparison spectrum for identification purposes. The upper spectrum 
is tiuit of iron, and the lower that of copper. 


wavelengths, the triplets of cadmium being somewhat more widely 
separated than those of zinc. The spectra of copper, potassium, and 
rubidium contain obvious doublets, and the spectra of titanium and 
vanadium show more complex regularities. Iron shows few regu¬ 
larities that are immediately obvious, yet they exist in profusion. 
The cyanogen bands are emitted strongly by CN molecules formed 
in the carbon arc burning in air and are easy to identify by their 
appearance. 

9 ,2. Identification by Comparison Spectra. Lines in an unfamiliar 
spectrum can conveniently be identified by using the method of com¬ 
parison spectra. The spectrum of the unknown material is photo¬ 
graphed on the same plate as that of some material whose spectrum 
is well known, as in Fig. 9.2. Known lines of the familiar spectrum 
can then be identified at intervals across the spectrogram, and by 
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approximate interpolation the wavelengths of the unknown lines can 
be determined. The unknown may then be identified by the use of 
wavelength tables. In preparing such spectrograms, it is important 
to avoid lateral displacement of the plate between the recording of 
the known and the unknown spectra. If the plate is racked up or 
down, one cannot be sure that this condition is fulfilled, and so use 
is made of diaphragms or occulters to cover different parts of the slit 
or the plate during each of the exposures. The Hartmann dia¬ 
phragm,^ shown in Fig. 5.4, can be used on the slit of a stigmatic 
spectrograph and produces a spectrogram of the type shown in 
Fig. 9.3. It is important to remember that the image of the slit 



Fig. 9.3. Comparison spectrogram taken with a Hartmann diaphragm. Top 
and bottom spectra are of the iron arc. The center spectrum is lead. 


on the plate is inverted; hence the upper portion of the slit corre¬ 
sponds to the lower spectrum. Care should be taken not to jar the 
spectrograph when adjusting the diaphragm. 

Even with astigmatic instruments, sufficient separation between 
two spectra can be obtained with a Hartmann diaphragm at the slit 
to make identification possible if the astigmatism is small. With 
spectrographs having great astigmatism, it is useful to provide an 
occulter directly in front of the plate and as close to it as possible. 
This diaphragm can be moved up and down to uncover various por¬ 
tions of the line length on the plate for the production of comparison 
spectra. 

For quick identification by comparison spectra, a low- or medium- 
pressure quartz mercury arc such as the Lab-arc or Uviarc is a useful 
source, because it can be kept readily available and furnishes a 
limited number of intense lines well distributed throughout the 
visible and ultraviolet regions. The beginning spectroscopist should 


^ J. Hartmann, Zeils. f. Instrumentenhunde, 20, 57 (1900). 
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a(‘(|uaint himself with the approximate wavelengths of the principal 
groups of mercury lines, as given in Table 9t.l. 

To provide com])arison spectra having greater numbers of lines, a 
copper arc or spark or an iron arc will be found useful, the latter 
having the more complex spectrum. The wavelengths of the prin- 
cij)al iron lines have been very carefully measured, and the spectrum 
is so rich that a known line can be found every few angstroms. 

In many cases it is useful to expose a spectrogram to light from both 
a quartz mercury arc and an iron arc, the spectrum of the former 
being used for preliminary orientation and that of the latter for 
precise determination of the wavelengths of unknown lines. 

TAHLF 9.1 

Gnoups OF Mehccky Lines Useful fok Wavelength Identific ation 


Group 

(^)lo^ 

Wavolenxtijs 

Approximate 

intensity 

1 

Rod 

A 

10 




20 

4 

Yellow 

5790 

50 



5770 

50 

S 1 

(Jreen 

5461 

100 

4 

Blue 

4359-4848 

20 

.5 

Violet 

4078 

8 



4047 

10 


I Iltraviolet 

! 3663-3654-3650 

70 

7 

Ultraviolet 

! 334i^ 

10 

8 

Ultraviolet 

1 313!e-31«6 

40 

9 

Ultraviolet 

30«6-3022 

30 

10 

T Iltraviolet 

2967 

10 

11 

Ultraviolet 

2893 

10 

l^i 

Ultraviolet 

2804 

20 

IS 

Ultraviolet 

2753 

10 

14 

Ultraviolet 

2652 

8 

15 

Ultraviolet 

2537 

30 

16 

Ultraviolet 

2482 

5 

17 

1 Iltraviolet 

2399-2378 

3 


9.3. Spectrum Charts for Comparison. Each spectrograph has its 
own characteristic dispersion curve, relating the wavelengths of spec¬ 
trum lines to their positions on a spectrogram. Users of spectro¬ 
graphs find it convenient to accumulate a set of standard spectrograms 
on which wavelengths are marked for quick identification of lines on 
future plates. Spectrograms of unknown materials produced with 
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the same instrument can then be fitted over these standard plates, 
corresponding known lines being superimposed, and other lines iden¬ 
tified by inspection. Lines of striking intensity or pattern can be 



quickly identified by this means, and key lines can be marked on 
the new spectrogram. 

The spectra on such standard plates should not be crowded to¬ 
gether, but a sufficient width of clear plate should be left between to 
permit recording wavelengths of important lines in India ink. When 


§9.3] IDENTIFICATrON OF SPECTRUM LINES 205 

a mark is to be permanent it should be placed on the emulsion side of 
the plate, but if temporary only, on the glass side. The dry emulsion 
will take ink better if roughened with a rubber eraser. 

('omparison of plates taken on the same spectrograph can be accom¬ 
plished by superposing plates on a viewing box, but various devices 
are manufactured commercially for doing this without introducing 
actual contact between the [dates. Of these, the Judd-I^ewis Spec¬ 
trum Comparator, Fig. 9.4, is typical. A suitable optical system 
enables the observer to see the image of one s[)ectrogram super])osed 
on that of the other, and by adjusting the position of one plate with 
a horizontal and a vertical screw or rack and pinion he can bring any 
spectrum line on this plate into coincidence with the corresponding 
line on the other. A librarj^ of standard films with wavelengths of 
important lines marked on them is [)rovided with the spectrum com- 
[)arator manufactured by tlie Ap[)lied Research Laboratories, for use 
with their grating s[)cctrograph. These films can be projected 
directly on the screen of the spectrum comparator for rapid identifica¬ 
tion of lines. 

Although a set of marked spectrograms built up about a given 
instrument forms the most useful type of reference library for iden- 
tifi(*ation of lines by comparison, (‘harts and atlases of spectra are 
obtainable which can be of considerable assistance. These are of 
greatest use for visual comi)arison of line patterns. The value of the 
[niblislied charts is somewhat limited by variation in the dispersion 
characteristics of different s|)ectroscopic instruments. Grating spec¬ 
trographs, however, give dispersion that is nearly uniform with wave¬ 
length; and by varying the magnification in a projection device, one 
can provide any dispersion desired. Hence grating spectrograms can 
usually be projected directly on commercial charts made with grating 
instruments and can be compared with them with relatively little 
error as a result of differences in dispersion. 

The principal atlases of spectra that have been printed or are 
available as photographic reproductions are listed in Table 9.^. Prob¬ 
ably the most generally useful of the charts are those of the spectrum 
of iron, since iron lines are so frequently used for purposes of wave¬ 
length identification. Many of these iron charts have marked on 
them the positions of the principal lines of other elements, so that 
these can be identified by projecting unidentified lines directly on 
the chart. 
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TABLE 9.2 

List ok Charts and Atlasks ok Spkctra* 

1. J. M. Eder and E. Valonta, Ailaa typi.schrr Spridreti. Vienna: A. Holder, 
1911. Contains rcprodiielions of more than COO photographs of flame, are, 
and sf)ark spectra, taken with glass and quartz prism spectrographs and with 
low-dispersion gratings. Note Howland scale of wavelengths. 

2. J. BavdvU AHa,s' de Spectre d\irc. Paris: G. Doin, 19^C. Contains 54 
charts of sensitive lines of the elements, with the iron spectrum, taken with a 
prism, from 3500 to 12500 A. 

3. F. Lowe, Atlas der Lctzlen Linien der Wicludigsten Elemente. Dresden: 
Steinkopf, 1928. Contains charts of sensitive lines for 43 elements taken 
with a small quartz spectrograph in the region 4700 to 2200 A. 

4. G. Scheibe and C. F. Lindstrom, Tahellen des Funken- und Bogen- 
spectrum des Eisens. etc. Berlin-Steglitz: R. Fness, 1933. Charts of are and 
spark snectra, in the rant’^e 3700 to 2300 A. 

5. W. J. Crook, Metallurgical Spectrum Anah/su. Stanford University 
Press, 1935. Gives 20 charts of sensitive lines of the elements in the range 
5670 to 2796 A, and the iron spectrum in the ranges 5671 to 5058 A and 
3433 to 2794 A, using grating. 

6. A. Gatterer and J. Jimkes, Atlas der Restlinien, Caste! Gandolfo, Italy: 
Specola Vaticana, 1937. Contains 28 photographs of spectra in the range 
8000 to 2200 A, in arc and S[)ark for 50 elements. 

7. W. R. Brode, Chemical Spectroscopy. New York: John Wiley & Sons, 
1939. Contains 35 charts for the range 5090 to 2310 A, in the arc, showing the 
spectral lines of iron, with indicated j>ositions of lines of other elements. 

8. A. Gatterer and J. Junkes, Spektren der seltenen Erden. Castel Gan¬ 
dolfo, Italy; Specola Vaticana, 1945. Contains 45 pages of siiectrum charts 
of the rare earths taken with prism spectrograph. Arc spectra, 7600 to 
2265 A; spark spectra, 4350 to 2265 A. 

9. A. Hilger, Ltd., London. Charts of spectra taken with a quartz prism 
spectrograph of R.U. powder (mixture of 50 elements) and of iron, copper, 
neon, and helium. 

10. Charts of the Iron Spectrum Photographed at the Massachusetts Institute 
of Technology, Cambridge, Mass. : Jarrell-Ash Co. Contains 10 marked and 
mounted spectrum charts, each 20 in. long, of the iron arc taken with a 35-ft 
concave grating. 

Adam Hilger, Ltd., has issued a set of spectrum charts showing at 
least seven important lines of each included element. This firm also 
furnishes a so-called R. U. {raies ultimes) powder, which contains a 
mixture of chemical elements in such proportions that seven or more 
lines of the most important elements will appear when the material 
is burned in an arc. This j>owder is convenient for use in qualitative 

* Based on an article by G. R. Harrison, Jour. App. Phys., 10, 760 (1939), by per¬ 
mission of that Journal. 
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spectrographic analysis, to determine the presence or absence of any 
given chemical element. 

9.4. Identification of Lines by Wavelength Determination. S]>ec- 
triim lines can be identified most acc urately by measurement of their 
wavelengths. In a simple spectrum, a line can usually be identified 
if its wavelength is determined with a precision of a few tenths of an 
acigstrom, or even more. Several other strong lines of the element 
can be looked for to establish the presence or absence of the element 
in the source. In more complex spectra it often becomes important 
to know wavelengths to within ±0.01 A, whereas for term analysis 
of a really (complex spectrum, wavelength precision to ±0.001 A is 
dc^sirable. Fortunately, the broadest lines, whose wavelengths are 
most difficult to determine })recisely, usually arise from the simjdest 
spectra. Lines emitted by such atoms as the rare earths or uranium 
are usually sharp and well defined. Sharp lines can be measured 
with large diffraction gratings to within a few thousandths of an 
angstrom, and when improved standard lines become available, pre¬ 
cision to ±0.001 A should not be unusual. With interferometers, 
wavelengths of sharp lines c*an be measured to ±0.0001 A, or 1 part 
in 50 million or better (Chapter 20). 

Wavelength measurement with an ordinary spectrograph involves 
determining the location of a line on the plate relative to known lines 
and also determining the positions of the known lines so the dispersion 
of the plate can be computed. The dispersion of a prism spectro¬ 
graph varies so rapidly with wavelength that it is necessary to use a 
carefully plotted dispersion curve, or if very precise determinations 
are needed, to make interpolation calculations of the type discussed 
in § 9.6. Known comparison lines are then needed on the plate at 
very close intervals. For a small prism spectrograph, where precision 
to only 0.1 A is required, a dispersion curve similar to that shown in 
Fig. 9.5 can l>e plotted on cross-section paper. The scale of the plot 
should be fairly large, 0.1 mm on the position scale corresponding to 
0.1 A if the fifth figure of the wavelength is to be considered signifi¬ 
cant. Thus a sheet of paper a meter long would be required to cover 
3000 angstroms, and to reach greater accuracy would require use of 
an inconveniently large sheet. 

Since a long narrow sheet of paper is more readily obtainable and 
handled than a large square sheet, it is useful to break up the inter¬ 
polation process into two parts, a linear portion, marked A in Fig, 9.6, 
and a residual part. Part A n«cd not be plotted, since linear compu- 
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tations are readily carried out, and the residual can be plotted as a 
correction curve in a form similar to Fig. 9.7. 

Wavelength measurements should always be supplemented by 
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Fig. 9.5. Dispersion curve for a prism spectrograph. 

intensity estimates, since the intensity of a line often gives secondary 
information that is revealing and confirmatory (§ 9.9). 

9.5, Measurement of Spectrograms. Distances along the plate 
can be measured with a celluloid rule calibrated in centimeters, if 



Fig. 9.6. Approximation of a dispersion curve C by a straight line, A, 
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estimates to 0.1 mm will suffice for the desired precision. Lines pro¬ 
duced by small prism spectrographs can be measured in this way with 
an uncertainty of 1 to 10 angstroms, depending on the spectral region 
involved, and those produced by large grating spectrographs to 
within 0.05 A. Some spectrographs are provided with wavelength 
or frequency scales. These are inferior in accuracy to separate 
millimeter scales but reduce the necessary computation. 

Improved precision can be obtained by using a spectrum magnifier. 
A typical instrument of this sort, with 20 mm scale calibrated to 
0.1 mm, is manufactured by Bausch & Lomb. It is arranged to be 
placed directly against the emulsion side of the plate, thus avoiding 
errors due to parallax. This scale can be read to dbO.Ol mm. The 
eyepiece is adjustable and should be carefully focused on the scale 
by each observer. 



Plate Distance in mms -^ 

Fig. 9.7. Correction curve, By to be used with the linear anproximation ot 

Fig. 9.6. 

For measurement of Raman spectra, in which weak and diffuse 
lines are common and extreme precision is unnecessary, positive 
prints enlarged approximately 10 times are useful. Such lines are 
difficult to measure on the negative under magnification, especially on 
the fast and grainy plates used in photographing Raman spectra. 

9.6. Use of the Comparator. Precise wavelength measurements 
are carried out on a spectrum-measuring engine or wavelength com¬ 
parator. A typical comparator, manufactured by Adam Hilger, 
Ltd., is illustrated in Fig. 9.8. Comparators are of two basic types, 
those in which the microscope (and the observer’s eye) is moved, and 
those in which the plate is moved. The former is the simpler method, 
since the microscope can be carried on a comparatively short carriage 







IDENTIFICATION OF SPECTRUM LINES 


211 


§9.6] 

which slides on ways that need be only as long as the length of this 
carriage plus the amount of motion desired. When the entire plate 
is moved, the length of the ways must be at least equal to the length 
of the plate carriage plus the amount of motion required. Thus, to 
read from end to end of a 10-in. plate without resetting would require 
a comparator more than 20 in. long. However, this arrangement 
results in higher over-all precision and greater convenience. 



Fig. 9.10. Jarrell-Ash projection comparator, Model JA200. 


The plate is usually observed through a microscope provided with 
an eyepiece in which cross hairs are mounted to serve as fiducial 
marks. This microscope should magnify the spectrum lines by not 
more than 15 diameters, and 10 X will be found satisfactory for all 
spectra but those containing the sharpest lines. It is undesirable to 
magnify spectrum lines by more than this amount, since the line 
consists merely of an elongated array of silver grains, and the eye 
must be able to estimate the center of gravity of this array. Con- 
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trast, as well as density and symmetry, enters into this judgment. 
Observation of a very diffuse line is sometimes facilitated by use of a 
diminishing lens. Us'ually, however, a change in magnification during 
a series of measurements along a plate is not practicable. 

Some modern comparators use the projection system. A beam 
from a low-power lamp is sent through the plate as in a projection 
lantern, and an image of the plate is thrown on a screen in front of 
the operator. A typical optical system of this sort is shown in 
Fig. 9.9, and a commercial instrument using this principle in Fig. 9.10, 
Advantages of this method are ease of superposing comparison spec¬ 
tra; improved comfort of the operator, who need not refocus his eyes 
between setting on the line and reading the comparator scales; and 

the possibility of using a fiducial mark 
of any desired shape, this being change 
able at will by drawing an India-ink line 
on the ground-glass projection screen. 
Favorite forms of fiducial mark are 
shown in Fig. 9.11. The chief disad¬ 
vantages of projection comparators are 
lack of compactness and susceptibility 
to errors introduced by the heat from 
the projection lamp. 

Before measuring a plate, it is desirable to place dots at the ends 
of a few identified lines, to serve as reference marks. The plate to be 
measured (or film fastened on a glass plate) is clamped, emulsion 
side up, on the comparator carriage. This carriage is moved on 
ways by means of a screw, usually of 1 or 2 mm pitch. The screw 
is turned by a handle mounted on a drum that is usually calibrated 
with divisions marking 0.01 mm plate travel. Verniers make esti¬ 
mates possible to 0.001 mm. 

During measurement of a spectrogram it is important that the 
plate be mounted so that the spectrum being measured is closely 
parallel to the ways of the comparator and so that the distance from 
the emulsion surface to the microscope or projection lens remains 
sufficiently constant to ensure that the plate will not go out of focus 
while being traversed from one end to the other. The plate should 
be mounted with the emulsion side up, since measuring the lines 
through the glass may introduce errors due to variations in refraction. 
In some comparators a means is provided of freeing the carriage from 
the screw that drives it, so that the plate can be slid rapidly from 


(Q) (b) (c) (d) 

Fig. 9.11. Convenient 
forms of fiducial marks for 
use in projection compara¬ 
tors. 
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one end to the other to make sure that the lines remain in focus and 
in the field. 

The eyepiece of the comparator should first be focused on the cross 
hairs, and then the microscope should be carefully focused on the lines 
by the parallax method, in which one moves the eye slightly from side 
to side to make sure that the image of a cross hair moves with that 
of the spectrum line. One cross hair should be adjusted to be closely 
parallel to the lines (though it is not necessary that these be at right 
angles to the screw), to ensure that the same part of each line will be 
measured from one end of the spectrum to the other. Change of 
inclination of the line of traverse across the plate will obviously change 
the ol)served dispersion. 

With measurements being started at one end of the plate, a line is 
brought into view and the comparator is adjusted until an accurate 
setting of the vertical cross hair on the centtM* of the line is achieved. 
The observer then makes entries in his notebook, recording the screw 
reading in millimeters and the drum reading in thousandths of a 
millimeter followed by an estimate of the intensity of the line. In¬ 
tensity estimates may be made on a scale of 0 to 10, 0 to 100, 0 to 1000, 
or even greater. At first, intensity estimates will be liaphazard, but 
after some practice the observer should be able to make fairly self- 
consistent estimates. After deciding on the line intensity, he may 
put down in a Remarks column some comment such as d, R, ,•?, A, 
or other notation as given in Table 9.3, to describe the character of 
the line. 


TABLE 9.3 

Descriptivk Notation for Spectrum Lines* 

bh Band head 
c (Complex line 
d Double line 
h Hazy, diffuse, nebulous 

at Asymmetrical, heavy toward long wavelengths 
a. Asymmetrical, heavy toward short wavelengths 
r Slightly self-reversed 
R Heavily self-reversed 
s Sharp 
w Wide 
W Very wide 

* Adapted from Massachusetts Institute of Tech- 
nology Wavelength Tables, General Reference 9.3. 
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Comparators usually have a certain amount of backlash between 
the screw and the nut, and settings should l)e made by approaching 
all lines from the same side. If the operator decides that he has 
overshot the center of gravity of a line, he should reverse the screw 
by at least half a turn and approach the line again. 

To reduce backlash, comparators are sometimes provided with 
counterweights which keep the carriage pushed against the screw 
which drives the nut. Others are provided with split nuts with 
built-in springs that automatically keep the tension uniform and 
reduce the backlash. Even when one of these provisions is made, 
however, it is desirable to approach all spectrum lines from the same 
side in any series of measurements. 

With a carefully made comparator, it should be possible to repeat 
single readings to within 0.002 mm or even better, but this limit will 
depend on many factors besides the judgment of the operator, such 
as backlash, the thickness and viscosity of the oil film separating the 
nut from the screw, friction in the bearings, elasticity in the metal, 
and so on. Comparators are available for astronomical work in 
which motions in two directions can be measured. Additional data 
on comparator construction are given in § 9.11. 

9.7. Calculation of Wavelengths. When wavelengths are to be 
determined to a precision greater than ±0.1 A, they must be cal¬ 
culated unless an automatic comparator is lused (§9.11). If standard 
reference lines are close together, linear interpolation can be used, 
especially with grating spectrograms for which the dispersion curve is 
almost linear when wavelength is plotted against position on the plate. 
With prism spectrograms, the wavelength-dispersion curve is far from 
linear, though a somewhat flatter curve is obtained when wave 
numbers or frequency units are plotted instead of wavelengths. 

The plate factor of a spectrogram should always be measured in 
angstroms per millimeter. The tendency of some beginning spectrog- 
raphers to calculate “dispersion” in angstroms per inch is to be dis¬ 
couraged because of the convenience of using a common system 
among all spectroscopists. 

As an example of linear interpolation, take the case of two lines A 
and JB, shown in Fig. 9.12, lying between two known lines whose 
wavelengths are as given in the figure. By means of a comparator, 
the distance from standard 1 to line A is measured as 4.88 mm, to 
line B as 7.96 mm and to standard 2 as 11.21 mm. Since the distance 
between the two standards is 11.21 mm and the difference in their 
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wavelengths is 13.56 A, the plate factor in this region is 1.209 A per 
millimeter. The distance from standard 1 to line A can then be 
multiplied by this plate factor to give a wavelength difference of 
5.90 A, which, when added to the wavelength of standard 1, gives 
4696.21 A as the wavelength of line A. This process may be repeated 
to determine the wavelengths of unknown lines by extrapolation for 
a short distance beyond the second standard, the limitation being 

I 2 

Standard spectrum | j 

Unknown spectrum | 

A B 

Fig. 9.12. Wavelength measurement by linear interpolation. 


that the departure from linearity must not be greater than the 
maximum error that can be tolerated in the wavelength determina¬ 
tions. 


Where greater precision is desired, nonlinear interpolation formulas 
can be used with either grating or prism spectrograms. Hartmann’s^ 
interpolation formula is the be.st known of these. It may be written 
simply as 


X 


Xo + ^ 


c 


- d 


0 


where X is the wavelength of the unknown line, Xo is a wavelength 
which is constant for a given plate, C is a constant for the plate, and 
d is the distance measured along the plate from do> which is some 
definite i)oint on a linear s(‘ale. The three constants Xo, C, and do 
can be calculated by substituting the wavelengths and comparator 
readings of three known lines in the above e(j[uation and then solving 
the three equations simultaneously. On substituting in the equation 
the values of the constants so determined, the wavelength of any 
unknown line can be calculated from its position. 

Hartmann’s formula is used much less frequently nowadays than 
formerly, since the wavelengths of so many lines are known with 
high precision that linear interpolation between known lines suflSces 
for most wavelength determinations. Furthermore, prism spec;tro- 
graphs are seldom used for precise wavelength determinations, and 
linear interpolation serves with diffraction gratings. 

The method of coincidences is sometimes used in measuring wave- 


* J. Hartmann, Astrophys, Jour,, 8, 218 (1898). 
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lengths with diffraction gratings, though it has been restricted in the 
past principally to setting up wavelength scales, and the modern 
interferometer has made this procedure unnecessary. The method 
of coincidences makes use of the fact that in diffraction-grating spectra 
a first-order line of wavelength X should theoretically occur in the 
same position as a second-order line of wavelength X/2, a third-order 
line of wavelength X/3, and so on. Since diffraction gratings are 
imperfect optical instruments, this method gives only approximate 
results, and gross errors may result if it is relied on entirely. Row¬ 
land's original wavelength scale,^ built up by this system, ultimately 
was found to have errors in some regions of the spectrum of several 
tenths of an angstrom. Errors produced by using the method of 
coincidences vary from grating to grating but are usually of the order 
of a few thousandths or hundredths of an angstrom. With a given 
grating, such errors depend on the density of exposure. This effect 
is closely related to target pattern and to the variation of line shape 
with order and with density of exposure. 

Overlapping orders are sometimes of value in identifying spectrum 
lines obtained with diffraction gratings, since it is often possible to 
identify lines of different orders by their appearance. Thus a second- 
order line at 2300 A can readily be distinguished from a first-order line 
at 4600 A, because the contrast of the photographic emulsion is less 
for the shorter wavelength than for the longer; one line will have a 
grayish tone and the other will be a dense black. The appearance of 
the Rowland ghosts (§5.3) and the lengths of lines can also be used on 
occasion to identify lines from different orders. 

For very accurate measurements of wavelengths, interferometers 
should be used, as discussed in Chapter 20. 

9.8. Standards of Wavelength, The lengths of light waves can be 
measured directly by means of interferometers (§ 20.2). Since the 
determination of a wavelength to 1 part in 5,000,000 or better is a very 
delicate and lengthy process, the procedure has been adopted of 
determining the wavelengths of a few lines very precisely and then 
making measurements relative to these standard lines with ordinary 
spectrographs. In practice, the red cadmium line at 6438.4696 A is 
taken as the primary standard of wavelength, and several hundred 
other lines have been measured relative to this with interferometers, 
and defined as secondary and tertiary standards. 


* H. A. Rowland, Collected Physical Papers, 



idp:ntifigation of spectrum lines 


217 


§9.8] 

If new measurements of the wavelen^h of the primary standard 
were always made in terms of the standard meter bar, the accepted 
wavelengths of all spectrum lines would have to be changed every 
time improved measurements of either were made. To avoid the 
necessity of making such corrections, the International Union for 
Cooperation in Solar Research^ in 1907 adopted the following resolu¬ 
tion ; “The wavelength of the red ray of light from cadmium produced 
by a tube with elecrtrodes is 6438.4696 A, in dry air, at 15'^C on 
the hydrogen thermometer, at a pressure of 760 mm of mercury, the 
value of g being 980.67. This number will be the definition of the 
unit of wavelength.” Hence the International Primary Standard of 
Wavelength Cd 6438.4696 A is exactly correct by definition, even 
though its value is known in terms of the standard meter bar to only 
about 1 part in 10,000,000. An angstrom, written A, is thus defined 

to be of the wavelength of the cadmium red line, and not, as 

o4 • T*0 0 

previously, 10“^ cm (written A). 

The International Astronomical Union^ has set up a number of 
international secondary standards of wavelength, using only lines that 
have been measured concordantly and independently in at least three 
laboratories, usually with F'abry-Perot etalons (§ 20.6). Many of 
these secondary standards are lines of neon and krypton, and are 
known relative to each other and to the primary standard to within 
0.0001 A, or about 1 part in 50,000,000. A still larger number of 
iron lines have been measured with the etalon interferometer, and 
some of these have been adopted as secondary standards. These 
lines are broader than those of the rare gases and presumably are 
correct only to within 0.001 A, Table 9.4, page 218, contains a list of 
publications giving the adopted secondary standards. 

The standard Pfund arc (§ 8.12) is used for producing the iron 
secondary standards, light being taken only from regions not closer 
than 7 mm to an electrode (to avoid wavelength shifts due to strong 
electric fields near the electrodes, known as pole effect). This pre¬ 
caution can be observed only at wavelengths below 4500 A, however, 
since at longer wavelengths it is found necessary to use a shorter arc 
to bring out the desired lines; but pole effects are less likely to occur 
to lines in this spectrum region. 

The secondary standards leave little to be desired with respect to 

4 Trans, Int. Union Solar Res,, 2, 109 (1907). 

^ Trans, Ini. Astron, Union, 6, 79 (1938). 
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TABLE 9.4 

Tables of Standard Wavelengths* 

1. Commission 14, Wavelength Standards, Trans. Int. Astron. Union^ 1, 
35 (1922), contains 402 secondary and tertiary standards in the range 7032 
to 3370 A, for iron and neon, given to 0.001 A, with intensity range 1 to 10. 
Trans, Int. Astron. Union, 2, 40 (1925), contains 4 neon lines in range 7537- 
6929 A, given to 0.001 A, adopted as secondary standards. Other lines listed 
but not adopted. Trans. Int. Astron. Union, 3, 77 (1928), contains 384 lines 
in the range 7535 to 3370 A, in arc and discharge for iron and neon, given to 
0.001 A, with intensity range 1 to 10. Revision of standards, including provi¬ 
sional standards as well as adopted standards. Trans. Int. Astron, Union, 4, 
58 (1932), contains 312 lines in range 8662 to 341 A, in standard arc, vacuum 
arc, and discharge, for six elements, given to 0.001 and 0.0001 A, 3 iron and 
10 krypton standards adopted. Corrections to 1922 table given. Trans. 
Int, Astron, Union, 5, 81 (1935), contains 201 lines in the range 10,216 to 
580 A, in standard arc, vacuum arc, and discharge, for seven elements, given 
to 0.001 and 0.0001 A, with intensity range 1 to 1500. Krypton and neon 
standards adopted. Trans. Int. Astron. Union, 6, 79 (1938), contains 271 
lines in the range 3845 to 2100 A, in arc and discharge, for iron and krypton, 
given to 0.001 and 0.0001 A, with those adopted as standards. 

2. W. F. Meggers, Nai, Bur. Standards Jour. Res., 14, 33 (1935), contains 
91 lines in the range 10,216 to 7164 A, in the short iron arc, given to 0.001 A, 
with intensity range 1 to 1500. Nai. Bur. Standards Jour. Res,, 18, 543 
(1937), contains 242 lines in the range 3497 to 2100 A, in the standard iron 
arc, given to 0.001 and 0.0001 A. 

3. W. F. Meggers, Proceedings Sixth Conference on Spectroscopy (Wiley, 
New York, 1939), page 116, contains 346 lines in the range 7032 to 2447 A, in 
arc and discharge, for iron, neon, and kry{)ton, given to 0.001 and 0.0001 A. 
Collection of all adopted secondary standards. 

4. F. Twyman and D. M. Smith, Wavelength Tables for Spectrum Analysis^ 
2d ed. (Hilger, London, 1931), page 12, contains 505 lines in the range 6750 to 
2327 A, for standard arc and discharge, for iron, helium, and neon, given to 
0.001 A, with intensity range 1 to 10, Collection of adopted standards and 
other accurate measurements. 

5. W, R. Brode, Chemical Spectroscopy (Wiley, New York, 1939), page 387, 
In list of principal iron lines, gives adopted secondary standards. 

precision but are somewhat lacking in number, distribution, suitability 
for obtaining various forms of excitation, and desirable variety and 
uniformity of physical characteristics. A discussion of the 1938 status 
of wavelength standards has been given by W. F. Meggers,® president 
of that commission of the I.A.U. charged with the responsibility for 
these standards, 

* Based on a list given by G. R. Harrison, Jour. App. Phys., 10, 760 (1939), by 
permission of that Journal. 
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Spectral regions shorter than 2447 A and longer than 6678 A are 
thus far unprovided with official wavelength standards, but for most 
routine purposes wavelengths of known spectrum lines suitable for 
use as standards in these regions can be obtained from wavelength 
tables. 

Wavelengths measured before 1910 or thereabouts are on a different 
scale from that of the international angstrom and should be corrected 
before use. Most such measurements are on Rowland’s scale. 
Kayser (General Reference 9.1, Vol. VI, page 891 (1912)), gives 
corrections that should be applied to change original angstroms (A) 
to international angstroms (A). 

In addition to the International Secondary Standards, a group of 
tertiary standards has been set up, but these are relatively unimpor¬ 
tant, and many wavelengths given in spectroscopic tables are of 
comparable accuracy. The tertiary standards have been measured 
with large diffraction-grating s])ectrographs. Such wavelength deter¬ 
minations are limited in precision by several factors, most of which 
are related to the fact that many diffraction gratings produce unsym- 
rnctrical spectrum lines, which vary in shape with density of exposure. 
The center of gravity of the line may shift with density owing to the 
nonlinearity of the characteristic curve of the emulsion and the 
complex forms of the lines produced by the grating. It is usually 
necessary to photograph at one time many lines of widely different 
intensities. When a broad region of the spectrum is covered in a 
single exposure, as is becoming increasingly common, it is difficult to 
have all standard lines of the proper density. 

Standards measured by interferometers can be effectively supple¬ 
mented by those obtained by computation, if we make use of the 
Ritz combination princijde, that each spectral line corresponds to the 
difference in energy between two levels (§10.1). In a complex atom 
each energy level may give rise to many spectrum lines, and when the 
wavelengths of a number of lines have been measured with sufficient 
accuracy to determine a large number of the energy levels precisely, 
the wavelengths of other lines arising from these levels can be com¬ 
puted with a high degree of accuracy. By this means, wavelength 
scales can be smoothed out and made self-consistent. This procedure 
is particularly valuable for the infrared region. 

9.9. Intensity Estimates. An important part of the description of 
a spectrum line is an estimate of its intensity relative to other lines 
in the same spectrum. Ability to estimate intensities on a uniform 
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scale can be acquired only by experience. A good intensity estimate 
is often more satisfactory than a very precise intensity determination, 
because the actual intensity of a spectrum line depends on many 
factors, including the type of spectrogra|>h and photographic emulsion 
used, the method of source excitation, and the characteristics of the 
atom emitting the line. 

It is important to differentiate clearly between two needs for Inten¬ 
sity estimates. The fundamental need is that of determining the 
probability that an atom will emit a certain spectrum line under cer¬ 
tain conditions, relative to its probability of emitting another line. 
The second need is that of the spectroscopist who is interested merely 
in the actual density of a line as it can be exi)ected to appear on his 
spectrum plate. For this puri)ose, no method of determining sj)ectral 
intensities has been developed which is more satisfactory than a good 
visual estimate. 

One of the most uniform intensity scales is that of A. S. King, who, 
in the course of a long lifetime spent at Mount Wilson Observatory 
in measuring spectrograms and estimating intensities, developed a 
remarkably uniform and self-consistent s(‘ale. Russell ^ has shown 
that King’s intensity estimates vary approximately as the square root 
of the true intensity of the line. 

The older intensity scales ordinarily ran from 1 to 10, with additions 
at both ends. When a spectroscopist found lines fainter than those 
he had been calling 1 he called them 0 or 00, and often progressed 
as far as 0000. If the line were stronger than 10, he might call it 
12 or 15. Modern workers have found that an expanded scale is 
useful, particularly since the tendency in making an eye estimate is 
to compress the true intensity scale, strong lines appearing relatively 
weaker than is justified. Meggers and other workers at the Bureau 
of Standards use a scale that goes up to 10,000, and the intensity 
scale in the Massachusetts Institute of Technology Wavelength Tables 
runs from 2 to 10,000, lines fainter than 2 having been arbitrarily 
excluded. Even on these expanded scales all numbers are not used, 
the numbers most commonly used by spectroscopists being 0, 1, 2, 
3, 5, 8, 10, 12, 15, 20, 25, 35, 50, 60, 70, 80, 100, 120, 150, 200, 300, 
400, 500, 700, 1000, 1200, 1500, 2000, 3000, 5000, and 10,000, with 
occasional interpolations between these. 

When one estimates the intensity of a line, its width and shape 


®H. N. Busseil, Proc. Nat, Acad. Sci., 11, 314 a-ad 322 (1925). 



§9.10] IDENTIFICATION OF SPECTRUM LINES 221 

probably contribute as miU’h to the estimate as its maximum density. 
A skillful estimator takes into account the general integrated intensity 
of the line, including something for self-absorption (§ 10.9), as shown 
by the changed shape of the line. 

The precise determination of intensity is a complex and difficult 
process, since so many variables must be taken into account.^ This 
precision is not needed and, in fact, is not what is wanted for spectral 
intensities to be used in connection with wavelength tables. 

9.10. Catalogues of Wavelengths. Wavelengths are conveniently 
listed in two types of catalogues, the first giving in order of wave¬ 
length the lines known to be emitted by a i)articular type of atom or 
mole(*ule, and the second listing wavelengths in order, followed by 
the atom or molecule of origin. 

Spectrochemical qualitative analysis requires use of only a few of 
the most sensitive lines of each element, and these are most con¬ 
veniently obtained from brief tables listing from .'300 to 5000 lines. 
Such tables are given in Aj)pendices 1 and II of this book. 

The best-known inclusive tables of spectrum wavelengths for atomic^ 
lines are listed in Table 9.5. Outstanding is Kayser’s monumental 
Handbuch der Spectroscopic, General Reference 9.1, with data on 
180,000 lines. Many wavelength data included in this arc now out¬ 
dated, however. Although parts of Volumes VII and VIII contain 
data obtained for certain elements as recently as 1934, no data ob¬ 
tained later than 1911 are included for some 40 elements. 

TABLE 9.5 

Inclusive Tables of Spectkum Lines* 

1, H. Kayser, JJandbuch der Spectroscopic (Hirzcl, Leipzig), Vol. V (1910), 
contains about 20,000 lines in the range 39,100 to 10.30 A, in are, spark, dis¬ 
charge and flame, for 45 elements, A to N, given mostly to 0.01 A, with inten¬ 
sity range 1 to 500. Contains table of air lines and also some band heads. 
Note Rowland scale. Volume VI (1912) contains about 50,000 lines in the 
range 8000 to 2000 A, in arc, spark, tlischarge, and flame, for 41 elements, 
Na to Zr, given mostly to 0.01 to 0.001 .A, with intensity range 1 to 10. Also 
contains tables of iron lim^s, wavelength range 9000 to 2200 A, principal lines, 
wavelength range 91,000 to 1850 A, and band heads. Note mostly Rowland 
scale. 


^ See G. R. Harrison, Jour. Opt. Soc. Am.^ 17, 3S9 (1928); G. R. Harrison and H. 
Engwicht, ibid., 18, 287 (1929); R, S. Seward, Phys. Rev., 37, 344 (1931). 

* Based on an article by G. R. Harrison, Jour. App. Phys., 10, 700 (1939) by per¬ 
mission of that Journal. 
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2. H. Kayser ancl H, Konen, llandbuch cirr Spectro.sropie (Hirzel, lioipzig), 

Vol. VH (Parts 1, 3, contains about ;>4,00() lines in the range 

75,000 to 70 A, in arc, sjlark, discharge, and Oanie for 40 elements, given to 
0.01 or 0.001 A, with intensity range 1 to 10. Also table of air lines. Volume 
Vm (1032) contains about 22,000 lines in the range 20,300 to 250 A, m arc, 
spark, and discharge, for 10 elements Ag to Cn, given to 0.01 or 0.001 A, with 
intensity range 1 to 10. 

3. I^andolt-Bbrnstein, Phpt(il:aJi^rh-(dictniitche Tahdlen, Erganzimgsband I, 
page 330, II, page 520, III, page 703 (Springer, ilerlin, 1031-1035), contains 
about 10,000 lines in the range 71,300 to 201 A, in arc, spark, and discharge, 
for 81 elements, giv en mostly to 0.01 A. Contains also some band heads and 
tables of intense and ultimate lines. 

4. G. R. Harrison, MasHCKdiiiHcits Institute of Technology Wavelength Tables 
(Wiley, New York, 1,030), contains 100,275 lines, listed according to wave¬ 
length, in the range 10,000 to 2000 A, in the arc, spark, and discharge, for 
87 elements, given mostly to 0.001 A, with intensity range from 1 to 0000. 
Air lines and some band heads included. 

5. F. Exner and E. Haschek, Die Spelctren der FAemente bei nornialem Druck 
(Deuticke, J^eipzig and Vienna, 1011), Vol. II, contains about 60,000 lines in 
the range 6800 to 2200 A, in the arc, for 67 elements, given to 0.01 A, with 
intensity range 1 to 1000; 214 band heads also listed. Volume III contains 
about 56,000 lines in the range 0800 to 2200 A, in the spark, for 78 elements, 
given to 0.01 A, with intensity range 1 to 1000; 107 bands also listed. Note 
Rowland .scuile. 

6. P. Auger and others, Donnees nurnerigues de speciroscopie (Gauthier- 
Villars, Paris, 1910-1030), contains about 150,000 lines (including duplicates) 
in the range 10,000 to 2000 A, in the arc, spark, flame, and discharge, for 
76 elements, givtm to 0.1 and 0.01 A, with intensity range 1 to 1000. Some 
bands also included. 

7. W. Jevons, Report on Band Spectra of Diatomic Molecules (Tlie Physi¬ 
cal Society, I^mdon, 1032), contains data on bands of 142 molecules. 

8. W. Weizel, Handfmch der Experimentalphysik, Erganzungsband I 
(Akademische Verlagsgesellscliaft. L(*ipzig, 1031), (*ontains data on bands of 
about 150 molecules. 


A catalogue containing more than 300,000 entries, comprising all 
wavelength measurements on atomic lines given in the literature up 
to 1939, has been compiled at the Massachusetts Institute of Tech¬ 
nology by WPA workers, but this has not appeared in printed form. 

Kayser’s Tabelle der Hauptlinien der Linienspektren oiler Elementey 
appearing in its latest edition in 1939 under the editorship of Kayser 
and Ritschl (General Reference 9.2), lists 27,000 lines in the order of 
wavelengths in the range 90,850 to 33 A, in arc, spark, and discharge 
tube for 88 elements, with wavelengths given to one or two figures 
after the decimal. 
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In 1939, the Massachusetts Institute of Technology Wavelength 
Tables (General Reference 9.3), giving the 109,275 strongest lines 
lying between 10,000 and 2000 A from neutral atoms and those in 
their first stage of ionization, were published. In these tables, the 
lines are listed in order of wavelength, followed by the parent element. 
Abbreviated tables of wavelengths useful in spectrochemical analysis 
are listed in Table 15.2. 

Which lines of a given element will appear strongest when vanish¬ 
ingly small concentrations of the element are caused to emit light 
depends to some extent on the type of spectroscopic equipment used, 
on the methods of recording and observing the spectrum, and on the 
type of excitation used. Tables of the most sensitive si)ectrum lines 
will be found to differ somewhat, depending on whether they are 
based ])rincipally on lists compiled by the earlier workers (see § 15.2), 
whether tliey depend on theory,^ or whether they involve observations 
made with modern equipment and the new ultraviolet and infrared 
photographic emulsions of increased sensitivity. 

The published desc^riptions of speedra are far from complete, even 
for comparatively strong lines. Most complex elements have not 
been thoroughly studied at wavelengths longer than 6000 A, in the 
range 2000 2500 A, and in the vacuum ultraviolet. Such elements 
as ruthenium, rhodium, thorium, and uranium have been fairly 
thoroughly studied in recent years, but much work remains to be done 
on many similar elements. 

9.11. The Harrison Automatic Comparator. The measurement 
and reduction of spectrograms can be greatly facilitated by the use of 
an automatic comparator. Such a measuring engine,® in use at the 
Massachusetts Institute of Technology since 1938, is capable of 
measuring in 120 sec an entire 20-in. plate containing perhaps 2000 
spectrum lines, recording on a motion-picture film to seven-figure 
precision the wavelengths in angstroms of all lines, and providing on 
the same film a density trace of the lines. Such a machine is of great 
value when large numbers of measurements are to be made from a 
number of plates taken with a given spectrograph. For the measure¬ 
ment of occasional single plates taken on different spectrographs, it is 
of value in giving results in terms of distance along the plate, the 


* W. F. Meggers, Jour. Opt. Soc. Am., 31, 39 (1941). 

*G. R. Harrison, Jour. Opt. Soc. Am., 25, 169 (1935); G. R. Harrison and J. P. 
Molnar, ibid., 30, 343 (1940), 
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reduction from linear measurement to wavelength being carried out 
with a computing machine. 

A spectrum plate is clamped to the carriage shown in the rear 
center of Fig. 9.13 and is moved by the comi)arator screw at constant 
speed across a beam of light, which throws on the circular white screen 
an image of that portion of the plate passing across it at any moment. 
The operator can move the plate in either direction by turning the 
handle shown in the lower right-hand corner of Fig. 9.13 or by operat¬ 
ing an electric drive in the forw^ard or reverse directions. 




Fig. 9.13. The Harrison automatic comparator. 


An automobile headlamp operated by a storage battery is mounted 
below the comparator case. Light from this lamp is projected by 
a condenser lens through the plate being measured, on to a micro- 
Tessar lens, which produces an enlarged image of the plate on the 
screen some 6 ft distant. 

Figure 9.14 shows the appearance of a portion of a wavelength 
record obtained with the automatic engine. The wavelength of a 
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line which is passing across a scanning slit in the screen is recorded 
with a single flasli of a stroboscope lamp as the density peak passes. 
Condensers discharge through this lamp when a signal is received 
from an electrical circuit, indicating that the maximum of the spec¬ 
trum line is passing across the slit. 

Tliough the relation between distance along the plate and wave¬ 
lengths of the lines recorded thereon is not linear, the instrument is 
arranged to record wavelengths directly in angstroms. By means of 
decimal gears, the first two figures of the dispersion of the plate can 
l>e set into the machine. The next four figures are controlled by a 
variable-speed unit driven by a cam specially cut for the spectral 
region being covered, each cam having been laid out initially in terms 
of standard iron spectra obtained with the spectrograph used. The 
seventh figure is controlled by a photoelectric device that automati¬ 
cally follows the outer edge of an inked curve. Plate after jdate taken 


O' 

1 ' o?; 



Fig. Q.14. Wavelength record obtained with the automatic comparator. 


in the same region of the same spectrograph can be measured with a 
single cam and curve. When plates are changed, small variations 
may be found, but these can be reduced to any desired value. Varia¬ 
tions as great as 0.01 A may be tolerated if necessary, since standard 
lines are recorded on all plates and these are measured with the 
unknowns. Wavelength values read from the film can then be 
changed in the seventh figure in accordance with the error found in 
the seventh figure of the standard line readings. 

An electron multiplier tube is used behind the slit of the projection 
system to measure the light passing through it. The output of the 
multiplier is fed to an electrical network which causes the stroboscopic 
lamp to flash at the instant when the peak of a spectrum line is sym¬ 
metrically disposed across the slit. 

The maximum picker, as the electrical line-measuring device is 
called, does not, as might be supposed, operate on the slope of the 
density curve of the line. The graininess of the plate makes such 
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operation undesirable, and the saturation of the photographic einul > 
sion at high densities flattens the tops of dense lines. Instead, the 
line peak is taken as being halfway between two areas of equal density 
measured at the points of approximately maximum contrast for the 
narrowest line that can be resolved by the spectrograph on which the 
plate was exposed. 

This automatic comparator has been found to possess several ad¬ 
vantages beyond the more than hundredfold gain in speed of measure¬ 
ment and computation which it provides. The comparator screw 
does not change temperature during the few seconds required to 
measure a plate, and its nut is pushed with uniform speed, so that 
an oil film of constant thickness is kept in the screw-nut contact. 
Wavelength values are available instantaneously so that any line 
can be identified by inspection if the machine is stoj)ped or is operated 
by hand. If the operator prefers, he can run the comparator by 
hand, using hand settings, and pressing a button whenever he has set 
the center of a line on the fiducial mark. 

It is found that the reproducibility of setting on narrow lines by 
the automatic method is from three to five times more precise than 
that of eye setting. In a test .spectrum, lines of various breadths 
were picked by the machine 30 times in each direction witli an average 
deviation of ±0.0004 A, whereas the average internal deviation of 
hand-and-eye setting by an experienced operator was ±0.0020 A on 
the same machine and plate. 

9.12. Limitations of Wavelength Measurement with Diffraction 
Gratings. The principal sources of errors in wavelength determina¬ 
tions by means of gratings aie as follows (see also § 20.4): 

1. The inadequacy of wavelength standards in certain spectral 
regions, particularly of standard lines of suitable intensity. 

2. The displacement on spectrograms, relative to standard lines, 
of lines to be measured. 

3. Displacements caused by strong neighboring lines or by blends 
with impurity lines due to bands. 

4. The natural breadths of some lines and the complex structures 
of others (§ 20.1). 

5.. Actual variations of wavelengths, in standards or unknowns, 
with excitation conditions. 

6. Incorrect identification of lines. 

7. Uncertainties of setting on line maxima. 
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8. Comparator errors. 

9. Errors in computation, 

10. Corrections required to express all measured wavelengths in 

air of standard density. 

Great gaps still exist in our knowledge of spectrum lines. Accurate 
wavelengths of approximately a million atomic and ionic lines will 
probably be needed in order to give astronomers, physicists, and 
chemivSts all the material of this sort that they can effectively use. 
Fewer than one-third of these spectrum lines have been measured 
and assigned to parent atoms. 
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CHAPTER 10 


The Origins of Atomic Spectra 


Any theory of the origin of spectral lines must explain 
observed spectra quantitatively in terms of models of the atoms 
from which the spectra arise. It is necessary not only to exjilain the 
intensity of emitted or absorbed radiation as a function of wavelength 
but also to give a quantitative basis for the understanding of such 
details as the effects on the spectrum of temperature and of electric 
and magnetic fields. Spectroscopic theory has contributed much to 
our ideas about the structure and mechanics of atoms. Somi' 
familiarity with the elementary aspects of the theory is therefore 
helpful in visualizing the processes involved in the emission and 
absorption of radiation. 


SPECTRAL SERIES AND ATOMIC ENERGY STATES 


The most striking regularity in the spectra of many atoms is the 
classification of the spectral lines into series. The frequencies of the 
several members of a given series can be represented numerically by a 
simple formula such as 


Vi = Voo 


R 


( 10 . 1 ) 


Here Vi is the frequency of a line in the series, a so-called series 
member; vm is the series limit y or series member of highest frequency; 
R and Ci are constants for the entire series; and i is an integer that 
runs from 1 to infinity. As i gets larger and larger, the spacing of 
the lines in the series gets smaller and smaller, until the series finally 
converges on the series limit. Such series, of which an example is 
shown in Fig. 10.1, are frequently found and are called Rydberg series 
after the proposer of Eq. (10.1). R is called the Rydberg constant 
The relationship between different series in the same spectrum is 
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significant inasmuch as the frequency roo for one series is equal 
to the expression R'{i + Ci)- for another series, i being some small 
integer. Thus a more general form of Eq. (10.1) is 


•«-«(« 


1 


{i + ij + 




( 10 . 2 ) 


by wJiich all the series for certain atoms may be represented. Here 
the value of i is fixed at some small integer for a particular series, and 
j takes on integral values up to very large numbers to give the fre¬ 
quencies for the various members of tliat series. 


3600 4000 4400 4800 5200 5600 6000 6400 6800A 

I I 1 _1_1_ I I _ I I 
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limit 

Fig. 10.1. The Balmer series in the spectrum of the hydrogen atom. 

10.1. The Hydrogen Atom. The cm])irical formula for tlie 
various series in hydrogen has a particularly simple form : 

= -i) (10.3) 

The constant R„ is the Rydberg constant for hydrogen. If we set 
i = I and j = 2, 3, 4, 5, . . . , we get the members of the Lyman far 
ultraviolet .series in hydrogen, beginning with a strong line at 1216 A. 
Similarly, i = 2, and j = 3, 4, 5, 6, . . . , gives the Balmer series 
(visible and near ultraviolet) and i = 3, j = 4, 5, 6, 7, . . . , the 
Paschen series (near infrared). Thus the frequencies of the members 
of all the known series in hydrogen can be expressed as the difference 
between two terms, the frequency value of each term being expressed 
as 

% (10.4) 

in which n is an integer. 

As we shall see in § 10.5, terms such as those given by Eq. (10.4) 
can be identified with stationary energy states or levels in atoms, and 
spectral lines associated with the transitions between these states. 
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The hydrogen terms are plotted on an energy-level diagrim in Fig. 
10 2, and the transitions between them, which give rise to the various 
hydrogen series, are indicated by arrows connecting the initial and 
fiLl levels for each transition. Thus each arrow indicates the transi- 
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Fig. 10.2. The energy levels of the hydrogen atom. 

tion giving rise to a particular spectral line. Expression (10.4) can 
be rewritten in energy units as 

W = "M (10.5) 

where W„ is the energy of a stationary state, the factor -li (Planck s 
constant) being necessary to convert frequency units into ergs and to 
conform to the useful convention of having the highest energy that 
which corresponds to n = ® and the lowest that forn = 1 (compare 
Fig. 10.2). 
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The concept of stationary energy states in atoms was first put 
forth by Bohr.^ The mechanics used by Bohr has since been super- 
sede<l by quantum mechanics, but the expression he obtained for the 
energies of the stationary states in the hydrogen atom is also given 
by quantum mechanics. It is 


IF, = 


— fxe^Z' 


( 10 . 6 ) 


In this expression, m is the reduced mass of the central nucleus and 
electron [in the hydrogen atom fi = m.,7np/(m, + rrip), = electron 
mass, vip - proton mass], e is the electronic charge, and Z the atomic 
number of the central nucleus (which is 1 for the proton). The 
constant Rh can thus be expressed* in terms of fundamental con¬ 
stants : 


R 


u — 




(10.7) 


It is interesting to consider the physical significance of the energy 
levels shown in Fig. 10.2. The lowest level (t? = 1) is the so-called 
ground state, and in a collection of hydrogen atoms in a gas, it will be 
the stationary state in which most of the atoms exist for most of the 
time. To raise a hydrogen atom to a higher level, energy has to be 
supplied to the atom, the amount of energy required for elevation to 
a particular level JF, being known as the excitation 'potential] of that 
level. This excitation energy can be supplied by radiation, in which 
case the atom absorbs radiation of frequency 

JFn ~ IF, 
h 

It can also be supplied by collision with atoms, ions, or electrons. If 
it is supplied by collision with electrons in an electrical discharge, 
the electrons must necessarily have a kinetic energy at least as large 
as IF, — IFi. Since the kinetic energy is imparted to the electrons 
by their falling through a potential drop of a certain number of volts, 
the kinetic energy of the electrons can be expressed in terms of volts. 


1 N. Bohr, Phil. Mag., 26, 1 (1913). 

* Equation 10.7 gives Rh in frequency units (v). It is often expressed in wave¬ 
number units (<r). tr = v/c. In wave-numbers the value of Ra is 109,077.76 cm”h 
t Also sometimes called critical potential. 
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In turn, an excitation potential can be expressed in volts, since this 
potential corresponds to the minimum kinetic energy that an electron 
must have to cause the transition to the upper state. Electron volts 
are frequently used as units for energy levels, because the numerical 
values of the levels then lie in the range from 1 to 100 volts. One 
volt corresponds to 8066 cm~^ so the wavelength region from 12,500 A 
(8000 cm~0 lo 125 A (800,000 cm”0 corresponds to the range 1 to 
100 volts. 

The excitation potential of the level for n = ^ has a special 
significance. It corresponds to the energy required to remove the 
electron in the hydrogen atom to an indefinitely large distance from 
the proton, in other words, to ionize the atom. This energy, called 
the ionization potential is Woo — Wu or Rnh, and has the value 
13.59 electron volts. Ionization potentials for other atoms are listed 
in Table 10.1. 

Several other atomic systems are known whose energy-level scheme 
is that of Fig. 10.2 except for a change of scale. These are all ions 
consisting of one electron and a heavy atomic nucleus. As one can 
see from Eq. (10.6), the energy levels differ from those of hydrogen 
only in the values of and g. If the atomic nucleus is that of 
helium, g is only slightly different (about 0.05 per cent) from g in 
the hydrogen atom, but has the value 4. If the nucleus is lithium, 

= 9, and so on. Hence the scale in Fig. 10.2 has to be changed 
by about a factor of 4 for the ion, 9 for the Li"^^ ion, and so on. 
The various series for these ions lie in the far ultraviolet, as can 
readily be verified by calculation from Eq. (10.3). The ionization 
potentials are also increased by the approximate factors 4 for the 
ionization of He^ to He"^, 9 for Li+^ to Li^"*"^, and so on (see Table 
10.1). The series for ionized helium were known before Bohr’s 
work on the hydrogen spectrum, but to what atom or ion they were 
due was not clear. Bohr’s highly exact calculation of the frequencies 
of the lines in the He"^ series was simultaneously a satisfying solution 
to a puzzling problem in the origin of spectra and a highly convincing 
corollary to his theory of the hydrogen spectrum. 

10.2. Quantum Numbers in Atomic Spectra. The number n in 
Eq. (10.6) is a quantum number. It is not the only quantum number, 
however, associated with the various energy states; but because it is 
the most important insofar as the energy values in the hydrogen atom 
are concerned, it is called the principal quantum number. There are 
three other quantum numbers associated with each electron in an 
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atom, usually designated Z, m, and s. Each of these is concerned 
with one of two types of angular momentum which every electron in 
an atom possesses. The qfuantum numbers I and m are related to 
the orbital angular momentum of the electron in its motion about the 
atomic nucleus, whereas the quantum number s is associated with the 
spin of the electron. If the atom be compared to a miniature solar 
system with the sun and earth in the roles of nucleus and electron, 
respectively, the orbital angular momentum of the earth is that asso¬ 
ciated with its annual trip around the sun, whereas its spin angular 
momentum is due to its daily rotation on its own axis. 

The quantum numbers I and m take on integral values, just as 
does n, but these values are not completely independent of n. The 
numerical values that I can have range between n 1 and 0. 
Similarly, m can never be larger than Z, but in contrast to Z, it can 
assume negative values down to — Z. The physical interpretation 
of Z and m pictures Z as a numerical factor expressing the orbital 
angular momentum in terms of the quantum mechanical unit of 
angular momentum, /^'27^*; m, on the other hand, is the number 
related to the orientation of the orbit in space. A positive and 
negative pair of values of m correspond to the same orbital orienta¬ 
tion, but one (say the positive m) corresponds to a clockwise 
motion of the electron in its orbit, and the other to a counterclockwise 
motion. 

Before we consider the quantum number s, we must discuss the 
si)ectra of some relatively simple atoms, in which the energy levels 
depend not only on n but also on Z. 

10.3. Series in Atoms with Many Electrons. An atomic spectrum 
increases in complexity as the number of electrons directly involved 
in its production increases. However, the number of electrons 
involved need not be the total number of electrons in the atom. It 
frequently happens that the energy-level scheme for an atom dep)ends 
primarily on one or two electrons only, the other electrons maintaining 
a constant set of quantum numbers (and therefore energies), regard- 


* The reader can readily verify that the units of h (erg-seconds) have the dimensions 
of angular momentum, which is linear momentum (dimensions mass X velocity) 
multiplied by a moment arm (dimension length). The numerical relationship between 
I and orbital angular momentum is 


Orbital angular momentum 





TABLE 


Ionization Potentiaia 


Atomic 

number 

Symbol 

Ionization potentials 

I 

II 

III 

1 

H 

13,59 

— 

— 

2 

He 

24.46 

54.38 

— 

3 

Li 

5.36 

75.26 

121.8 

4 

Be 

9.28 

18.12 

153.1 

6 

B 

8.26 

25.00 

37.75 

6 

C 

11.22 

24.27 

47.65 

7 

N 

14.48 

29.47 

47.40 

8 

O 

13.55 

34.93 

54.87 

9 

F 

17.34 

34.81 

62.35 

10 

Ne 

21.45 

40.9 

63.2 

11 

Na 

5.12 

47.06 

70.72 

12 

Mg 

7.61 

14.96 

79.72 

13 

A1 

5.96 

18.74 

28.31 

14 

Si 

8.12 

16.27 

33.35 

15 

P 

10.9 

19.56 

30.0 

16 

S 

10.30 

23.3 

34.9 

17 

Cl 

12,95 

23.67 

39.69 

18 

A 

15.68 

27.76 

40.75 

19 

K 

4.32 

31.66 

46.5 

20 

Ca 

6.09 

11.82 

50.96 

21 

Sc 

(0.7) 

(12.8) 

24.61 

22 

Ti 

6.81 

(i;5.o) 

(27.6) 

23 

V 

6.71 

14.1 

(29.6) 

24 

Cr 

1 

6.74 

(IC.C) 

(32.1) 

25 

Mn 

7,41 

15.70 

(34.0) 

26 

Fe 

7.83 

16.16 

(31.7) 

27 

Co 

7.81 

17.3 

(33.8) 

28 

Ni 

7.61 

18.2 

(35.9) 

29 

Cu 

7.68 

20.2 

(29.5) 

30 

Zn 

9.36 

17.89 

40.0 

31 

Ga 

5.97 

20.43 

(30.6) 

32 

Ge 

8.09 

15.86 

(32.0) 

33 

As 

10.5 

20.1 

28.2 

34 

Se 

9.70 

21.3 

33.9 

35 

Br 

11,80 

19.1 

25.7 

36 

Kr 

13.93 

24.4 

31.4 

37 

Rb 

4.16 

27.36 

(47.0) 

38 

Sr 

5.67 

10,98 

(43.0) 

39 

Y 

6.5 

12.3 

20.4 

40 

Zr 

6.92 

13.97 

24.00 

41 

Cb 

? 

(13.5) 

24.2 

42 

Mo 

7.35 

(15.2) 

(27.0) 

43 

Tc 

(4.8) 

(14.6) 

(29.3) 

44 

Ru 

7.5 

(16.4) 

(28.6) 

45 

Rh 

7.7 

(18.0) 

(31.0) 

46 

Pd 

8.3 

las 

(33.4) 

47 

Ag 

7.54 

21.4 

35.9 

48 

Cd 

8.96 

17.30 

38.0 

49 

In 

5.76 

18.79 

27.9 

50 

Sn 

7.30 

14.53 

30.5 


2U 
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OF THE Atoms in Volts* 


Atomic 

number 

Symbol 

Ionization potentials 

I 

II 

Ill 

51 

8b 

S..35 

18.8 

24.7 

52 

Te 

8.90 

(19.3) 

30.5 

5a 

I 

10.6 

19.4 

(31.4) 

54 

Xe 

12.08 

(21.1) 

(32) 

55 

Cs 

3.87 

23.4 

(35) 

50 

Ba 

5.19 

9.95 

? 

57 

I>a 

5.6 

11.4 

(20.4) 

58 

(e 

0.54 

14.8 

? 

59 

Pr 

5.76 

? 

? 

60 

Nd 

6.31 

? 

? 

61 

— 

? 

? 

? 

62 

Sm 

0.55 

11.4 

? 

Ofl 

Eu 

5.64 

11.4 

? 

64 

Gd 

0.65 

? 

? 

05 

Tb 

6.74 

? 

? 

66 

Dy 

6.82 

? 

? 

07 

Ho 

? 

? 

? 

08 

Er 

? 

? 

? 

69 

Tm 

? 

? 

? 

70 

Yb 

7.00 

? 

? 

71 

Lu 

? 

? 

? 

72 

llf 

? 

? 

? 

73 

Ta 

? 

? 

? 

74 

W 

? 

(14.0) 

24.1 

75 

He 

(7.8) 

(18.2) 

(26.0) 

70 

Os 

(8.7) 

(14.6) 

(24.8) 

77 

Ir 

? 

(16.0) 

(26.7) 

78 

Pt 

8.88 

(17.4) 

(28.6) 

79 

Au 

9.18 

19.95 

(30.46) 

80 

Hg 

10.38 

18.65 

34.3 

81 

TI 

6.07 

20.32 

29.7 

82 

Pb 

7.38 

14.96 

(31.9) 

83 

Bi 

7.25 

16.6 

25.42 

84 

Po 

(8.21) 

(18.6) 

(27.8) 

85 

At 

(9.59) 

(18.1) 

(30.3) 

86 

Rn 

10.70 

(20.0) 

(30.0) 

87 

Fr 

(4.0) 

(21.5) 

(32.3) 

88 

Ra 

5,25 

10.10 

(34.3) 

89 

Ac 

? 

? 

? 

90 

Th 

? 

? 

29.4 

91 

Pa 

? 

? 

? 

02 

U 

? 

? 

? 

93 

Np 

? 

? 

? 

94 

Pu 

? 

? 

? 

9d 

Am 

? 

? 

? 

96 

Cm 

? 

? 

? 


* The values in Table 10.1 have not been critically reviewed; uncertain or estimated 
values are given in parentheses. Higher ionization potentials may be found in 
General Reference 10.3, p. 200, and in K. Lisitzin, Soc, Sdent, Fennica^ Comm, Phys,- 
Math,, X, No. 1 (1938). The latter reference contains an extensive bibliography of 
papers dealing with ionization potentials. 
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less of changes in the quantum numbers of the one or two electrons. 
The reason is that electrons in an atom tend to arrange themselves 
in concentric shells about the atomic nucleus according to their 
quantum numbers, all the electrons in a given shell having the same 
value of n. Because each shell has a limited quota of electrons (as 
we shall see in § 10.9), electrons in excess of this quota are forced into 
shells of larger radius (higher n). A shell whose quota is filled has on 
the average a symmetrical arrangement of electronic orbits that cor- 
resf)onds to a spherical distribution of electric charge. The term 
shell originates from this fact. 

A spectroscopically important situation occurs when the total 
number of electrons in a neutral or in an ionized atom exceeds by I 
the number just needed to fill the quota of a shell. In this case, the 
excess electron moves approximately as does the electron in the 
hydrogen atom, that is, in the field of a charged central nucleus, 
because the spherical charge distribution of the other electrons acts 
approximately as though the whole charge were concentrated at the 
nucleus. Such an electronic arrangement is characteristic of the 
atoms of the alkali metals lithium, sodium, potassium, rubidium, and 
cesium. The series found in the spectra of such atoms are similar to 
the hydrogen series but follow Eq. (10.^) instead of Eq. (10.3). The 
number of series is larger, however, because a distinct series is ob¬ 
tained for each value of the constants C\ and C 2 in Eq. (10.2). More¬ 
over, two series can converge on the same wavelength if they share 
in common the constant Ci but have different G 2 values. 

The various energy levels of the alkali atoms that give rise to these 
series correspond to various values of the quantum numbers of the 
single outermost electron, the quantum numbers of all the other 
electrons in the atom (those in the filled shells) staying fixed. The 
numbers i and j in Eq. (10.2) are the values of the principal quantum 
number n for this electron, in strict analogy with the case of the 
hydrogen atom. The constants Ci and however, intrude because 
the energy levels depend on the quantum number I of the outer 
electron as well as on n, in contradistinction to the energy levels in 
hydrogen. The reason can be seen qualitatively with the help of the 
orbital picture, if we recall that the quantum number I is a measure 
of the orbital angular momentum of the electron, larger I correspond¬ 
ing to larger angular momentum. A value of I small compared with 
the value of n therefore means that the angular momentum is small 
and indicates that the electron’s orbit is not circular but a highly 
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eccentric ellipse. In a circular orbit (maximum 1) the outermost 
electron moves at a uniform distance from the inner, filled shells 
(Fig. 10.3a), and the situation resembles hydrogen. In the eccentric 
orbits, however, the electron orbit ‘‘penetrates” the shells to a greater 
or lesser extent (Fig. 10.3b) and during the penetration is attracted 
much more strongly by the positively charged nucleus. The energy 
of the electronic orbit is thereby lowered, the reduction depending on 
the extent of the penetration, that is, on the eccentricity, which in 
turn is determined by the quantum number I for a given value of n. 




Fig. 10.3. The penetration of an inner shell by an electron moving in an 
eccentric orbit, (a) ('ircular orbit (/ equal to n — 1). (b) Elliptical orbit (/ 

smaller than n — 1). 


These effects are illustrated in Fig. 10.4, where the energy levels 
of the sodium atom are plotted to scale with those of hydrogen. The 
filled shells in sodium contain 10 electrons, the eleventh or outermost 
being forced into orbits with n equal to 3 or larger. The energy 
levels* depend on both n and L If n = 3, 4, 5, , . • , and / = 0, the 
energies are 


W == 


( 10 . 8 ) 


* The units of the energies in Eqs. (10.8)~(10.11) will be ergs per atom if is 
in reciprocal centimeters. /^Na has the value 109,735 cm**b 
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When 1=1, the expression is 

W = 




When / = 2, the expression is 

W = 


(rt - O.S7)= 


RnJ>^ 
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(10.9) 

( 10 . 10 ) 


{n - 0.01)- 

When / = 3 or larger (n > 3, siriec* / is always less than n), the 


expression is 


W = 


( 10 . 11 ) 


HYDROGEN 


SODIUM 


s-levels p-levels d-levels f-levels he 


W in cmT* 



Fig. 10.4. Comparison of the energy levels of the hydrogen and sodium atoms. 

This last expression agrees exactly with Eq. (10.5), which means that 
the energies of orbits not eccentric enough to penetrate the filled 
shells (that is. orbits with large 1) do not depend appreciably on I 
but only on n. 
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The various series arising from these levels in the sodium atom are 
summarized in Table 10.2, in which the numerical values of n and I 
for the upper and lower levels of each transition are indicated. It 
will be noticed that the lower level for each series has a value of 3 for n. 
Accordingly, each series is analogous to the Paschen series in hydro¬ 
gen, for which the lower level has n — 3, but the different series in 
sodium arise from the differences in energy associated with different I 
values.* The .short wavelength limit of the Paschen series occurs 
in the near infrared at 8206 A, which is also approximately the limit 
of the fundamental series in sodium, but the other series all have 
limits in the violet or ultraviolet. The shift is illustrated in Fig. 10.4, 
which shows the drop in energy of the levels of small I value in 
comparison with the corresponding levels in hydrogen. 


TA3LE 10.2 
Serie.^ in Sodium 



Value of I 

AL 

Value of n 

(k>nstants (Eq. 10.2) 

Series 



differ- 






1 jipcr 

Lower 

enee 

Upper 

D)wer 

Ci 

Cl 


level 

level 




(upper) 

(lower) 

Sharp 

0 

1 

-1 ' 

4, ({, . . 

3 

-1.35 

-0.87 

Principal 

1 

0 

-f 1 

3, 4, .5, . 

3 

-0.87 

-1.35 

Diffuse 

2 

1 

-hi 

3. 4, 5, 

3 

-0.01 

-0.87 

Fundamental 

3 

2 1 

-hi 

1 4, 5, G, . . 

1 

3 

i 

0.00 

-0.01 


Because all the lines in the sharp .series of the alkali metals originate 
from upper levels with / = 0, spectroscopists have fallen into the 
practice of calling all electrons with I — 0^ s electrons {s for sharp); 
similarly, electrons with Z = 1, p electrons (p for principal); with 
I ^ d electrons; with / = 3, / electrons. For higher values of Z, 
the notation proceeds alphabetically {g for I = 4i, h for Z = 5, and 
so on). It will be noticed from Table 10.2 that the several series 
result from transitions during which Z changes by one unit, either 
plus or minus, never by zero, two, or three. This result may be 

* There are two spectral lines for which this analogy does not hold, however: the 
first line in the so-called principal series (transition from n * 3, / = 1 to n =* 3, / » 0) 
and the first line in the diffuse series (transition from n — 3, / * 2 tp n — 3, / «= 1). 
The upper and lower levels for each of these two transitions have the same value of n 
and accordingly in the hydrogen atom would have identical energies. 
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summarized by giving the selection rule (§ 10.6) for 1: In any one- 
electron spectrum, the change in Z, AZ, during a transition is always 
plus or minus 1 . 

M = ±1 (10.12) 

Similarly, one may say 

An = 0, 1, 2, 3, . . . , CO (10.13) 

that is, there is no restriction on the amount by which n may change 
during a transition. In particular, these selection rules hold for the 
other alkali metals, all of which have series similar to those of sodium 
but with different values of n for the ground state. 

10.4. Multiplicity in Atomic Spectra. One important feature of 
the sodium spectrum has not been mentioned—the double character 
of the individual lines. For instance, the first “line” in the principal 
series—the famous D lines of sodium—is well known to be a doublet 
whose individual wavelengths are 5890 and 5896 A. A composite 
“line” such as this one, consisting of several components of related 
origin that are usually closely spaced, is known as a multiplct. Multi¬ 
plicity is the rule rather than the exception in atomic spectra, although 
in very complicated spectra it may be difficult to discern in the rich 
assortment of lines those which are associated as the components of 
a particular multiplet. 

Multiplicity arises from electron spin. The spin of the electron 
produces a magnetic field, and between this field and the electron 
moving in its orbit there is electromagnetic interaction that affects 
the energy of the electron. This effect depends quantitatively on the 
size and direction of the spin magnetic field, both of which properties 
are severely restricted. The spin field always has the same size (that 
is, the electron spin has a constant angular velocity), and its direction 
is limited to one of two specific directions, namely, parallel or anti¬ 
parallel to some other field that serves as a reference direction. The 
other field may be the magnetic field of the electron moving in its 
orbit, the field of another spinning electron, or an external field due 
to an electromagnet. Associated with these two directions are the 
two possible values of the spin quantum number s, namely, « = +| 
for parallel direction and s = — | for antiparallel direction.* 


* The reason for s 

Jl 


. h 
18 - X — , 

2 iir 


not • 


rather than ^ is that the spin angular momentum 
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In the sodium and other alkali atoms the orbital magnetic field of 
the single outermost electron provides the reference direction. If the 
spin field is parallel to the orbital field, 5 = 4 -^. Thus each energy 
level in Fig. 10.4 becomes two levels,* the higher one with s == +|, 
the other with s = — The difference between the two levels 
n = 3, / = 1, 5 = +1 and n = 3, Z = 1, and s = in sodium is 
about 17 cm“^ (or 0.00^ volt), and this is the order of magnitude of 
multiplet separation in light atoms. In heavy atoms such as mercury 
the separations may be a hundred times larger. 

Whereas a single electron produces a doubling of the energy levels, 
two or more electrons have a more coipplicated effect. Fortunately, 
the fact that the spin quantum number s for each electron can have 
only two values simplifies matters. The multiplicity or splitting up 
of each level on account of spin depends on the numerical values of the 
sum, S, of the spin quantum numbers. The multiplicity is 

M = 2S + I (10.14) 

The sum S, which is always taken to have a positive sign, can have 
various values, of course, and the multiplicities M will vary accord¬ 
ingly. For two electrons, S = 0 or 1 , depending on whether the two 
spins are antiparallel or parallel. Hence atomic spectra that arise 
from two electrons (helium and the alkaline-earth metals Be, Mg, 
Ca, Sr, and Ba) can have multiplicities of 1 (that is, no splitting of 
levels because of spin) or 3 (splitting of each level into three). Spec¬ 
tra depending on three electrons can have S = ^ or f (hence M = 2 
or 4). It can readily be seen that the values of S will range in steps 
of one from 0 to iV/2 for N electrons if N is even, and from | to 
N/^ if N is odd. Hence an atom or ion containing an even number 
of electrons will have only odd multiplicities, and one containing an 
odd number will have only even multiplicities. 

The summing process by which the individual spin quantum 
numbers s add up algebraically to give a total spin S for the atom 
also is applicable to the individual orbital quantum numbers Z, which 
add up to a total orbital quantum number L. The addition process, 
however, depends on the quantum numbers m, which, as we have 
mentioned, indicate the orientation of the orbit in space, and can 
have negative values {counterclockwise orbits) as well as positive ones 
{clockwise orbits). The sign of L is taken as positive, but its numer- 

* This doubling does not occur in the set of levels for which Z = 0, since there is 
no orbital magnetic field when Z = 0, and hence no effect of spin on the energy. 



242 


THE ORIGIIVS OF ATOMIC SPECTRA 


[§10.4 

ical values cannot be so succinctly given as can those for S because 
of the greater variety of possibilities of the individual m values. The 
maximum possible value of L, however, is the arithmetical sum of the 
individual /’s. By way of example, we can consider three electrons 
with the respective sets of quantum numbers as follows: 

Til = 2, Zi = 1, mi = +1, Si = 

Ui = 3, /a = ^2 = S2 = 

ns = 4, /a == 3, ms = +3, ^?3 = 

Here S = + ;!f 2 + sz = f 

and L = mi + m 2 Mz = 6 

The total energy of a given level depends on S and on Z, and also 
on the way in which the total spin interacts or ‘‘couples” with the 
total orbital angular momentum. S and L couple to give a total 
angular momentum for the atom. This angular momentum is called 
Jy is taken as positive, and lies between a minimum value of the 
numerical diflFerence between L and S and a maximum value of the 
sum L + S. 

It is customary for spectroscopists to symbolize a given atomic- 
energy level or term by a term symbol. The term symbol represents 
the numerical values of the different quantities Z, S, and J on which 
the energy depends, and for which the selection rules are stated. The 
term symbol is 

^Lj 

in which Jf, the multiplicity, is written as a number calculated 
from Eq. (10.14); that is, Jtf = + 1. / is also written as a 

number and varies with the coupling between Z and S, but has a 
definite value for a particular energy level. Z is not written as a 
number but as a capital letter. The letter symbol is S if Z = 0, 
P if Z = 1, Z) if Z = 2, and so on, in strict analogy with the pre¬ 
viously discussed convention of writing ^ for Z = 0, and so on. The 
term symbol is sometimes written with a principal quantum number n 
as a prefix when there is no ambiguity as to which electron or elec¬ 
trons possess that value of n. For example, the two upper levels of 
the D lines in sodium (Fig. 10.4), which arise from one electron for 
which n 3y I 1, 5 = §, so that Z==l, S = J, JI/ = 2, / =1 — ^ 
and 1 + will have the symbols 

S^Pj and S^Pj 
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The lower level of the D lines arises from an electron with n = 3, 
Z = 0, 5 = I, so that L = 0, S = M — % J ^ Hence this 
level will have the term symbol 3 The two i?-line transitions 
can then be represented briefly by the symbols 

3 - 3 and 3 - 3 

It is customary to write the lower level of the transition first. 

Three spectroscopically useful rules about the energy relationships 
among multiplet levels can be stated with the help of the L, S, J 
quantum numbers. 

1. Hund's rule: Of the energy levels associated with a given 
electronic configuration (that is, a set of electrons with their n and 
I quantum numbers fixed but with m and s not fixed), the levels of 
highest multiplicity (highest value of S) will have the lowest energy. 
Of the levels with highest multiplicity, that one with maximum L 
will have the lowest energy. 

2. Land^'s interval rule: The energy difference between two adja¬ 
cent levels in a multiplet (same L and S, various J values) is propor¬ 
tional to the J value of the higher of the two levels. 

3. Inversion rule: In electronic configurations in which a shell of 
electrons is less than half full, the lowest J value in a multiplet has 
the lowest energy; when a shell of electrons is more than half full, the 
highest J value in a multiplet has the lowest energy. 

These rules are exceedingly useful in understanding the spectra 
of polyelectronic atoms and ions, but their application requires some 
information about the quantum numbers n and I of the various elec¬ 
trons in the atom. Fortunately, this information is usually available 
with the help of the basic rule known as the Pauli principle, which is 
discussed in § 10.9. 


LINE INTENSITIES IN ATOMIC SPECTRA 

Although line intensities cannot be determined with the precision 
of wavelength measurements, they are an important property of the 
spectrum, and the theory must deal with them quantitatively. It is 
beyond the scope of such a brief discussion as this to include any of 
the details of the quantum mechanics on which the theory is based. 
Our discussion will therefore merely summarize some results of 
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quantum mechanics with the help of which a simplified treatment of 
intensities can be given. 

10.5. Some Basic Results of Quantum Mechanics. When the 
equations of quantum mechanics are set up and solved for a simple 
atom or molecule, they lead to the resul t that the total energy of the 
atom or molecule cannot have every value between minus infinity and 
plus infinity but w restricted to a relatively small set of special values. 
These are the energy levels, or stationary states, of the atom or 
molecule. Ordinarily a stationary state is described in terms of a set 
of quantum numbers upon which the energy, W, of the stationary 
state depends in some definite algebraic way. However, in those 
instances in which the energy expression does not contain all the 
quantum numbers, more than one set of quantum numbers will corre¬ 
spond to the same energy levels. For example, if the states of an 
atom are described in terms of four quantum numbers n, /, w, s, and 
the energy expression has the simple form 

W == constant (10.15 ) 

then all states with the same value of n have the same energy, 
regardless of the values of the other quantum numbers. 

It is usually customary to lump together all the various states in 
an atom or molecule having the same energy. The number of states 
of equal energy so grouped together is termed the degeneracy of the 
resultant state. Synonymous terms for degeneracy are statistical 
weight and a priori probability. It is usually denoted by gi, where i 
is an index number referring to the particular group of states lumped 
together. 

It is helpful in considering the energy levels of an atom or molecule, 
whether these be known from experiment or from theory, to make a 
diagram of them. Such diagrams, of which Figs. 10.2 and 10.4 are 
simple examples, are widely used in the systematic understanding of 
spectra of all kinds. If the energy levels depend on a quantum 
number n in the way expressed by Eq- (10.5), in which the constant 
is given a negative value, then the energy for n = «> will be zero and 
that for n = 1 will be lowest (that is, largest negative number). As 
was mentioned in § 10.1, the horizontal lines in the figure represent 
the energies of the various stationary states, and the energy values 
other than those represented by horizontal lines are energies that the 
atom under consideration cannot possess. 

As long as an atom or molecule remains in a given stationary state, 
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its energy is fixed and it neither loses nor gains energy from its sur¬ 
roundings. Therefore, if it is to emit or absorb radiation, it must 
change to another energy level. Because the various energy levels 
differ from one another by fixed amounts, the amounts of radiant 
energy which the atom or molecule can gain or lose are fixed in size. 
It is a result of quantum mechanics that there is a definite relationship 
l>etween the frequency of the emitted or absorbed radiation and the 
change in energy of the atom or molecule. As was mentioned in 
§ 10.1, this relation is 


Ws - 

2 =-- 


(10.16) 


where v \^2 is the frequency of the radiation, h is Planck's constant 
(6.6 X 10~^^ erg-seconds), and Wx and are, respectively, the 
energy levels of the atom before and after the atom has emitted (or 
absorbed) light. If Wx is smaller than Wi, the atom has gained 
energy, that is, has absorbed radiation. If IPi is larger than 
the atom has lost energy in the process, that is, has emitted radiation. 

10.6. Selection Rules and Intensities of Spectral Lines. The 
change from one energy level to another is termed a transition. It is 
clear that the frequency of radiation emitted or absorbed during a 
transition depends not on the properties of the system before or after 
the transition but only on the energy difference between the two 
stationary states. The intensity with which radiation is emitted or 
absorbed, on the other hand, is very much dependent on the nature 
of the initial and final states. Suppose we have a container full of 
similar atoms all in a stationary state Wx, These atoms can con¬ 
ceivably radiate energy of a particular frequency vi 2 if there is a 
lower energy level W 2 such that 


{Wx - W2) 

^1.2 = -."X- 


(10.17) 


The rate at which radiation of frequency ^^ 1,2 is emitted depends on 
the number of atoms making the transition from Wi to W 2 per second. 
In fact, the intensity of radiation of frequency >^ 1,2 will be 

I = constant X Ni^ 2 hvx ^2 (10.18) 

where N 1^2 is the number of atoms going from state Wx to state W2 
per second, and hvi ,2 is the energy given out by each transition. To 
understand what Ni^% depends on, let us consider the behavior of 
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the atoms in our container in state Wi. They can make transitions 
to fV 2 * of course, but it is also likely that there are a good many other 
stationary states IV 3 , 1 ^ 4 , and so on, to which transitions are 
possible. Since these states have different energies, transitions to 
them will not result in radiation of frequency viy, moreover, if an 
atom makes a transition from IVi to W 3 , for example, it will no longer 
be able to make the transition Wi to 1 ^ 2 . Hence the number Ni-^z 
will depend on the relative chance that an atom in state W 1 will go 
to state 1^2 in preference to states W 3 , Wh- . . . This relative 
chance is termed the transition probability for the transition 
and is found to depend on the characteristics of the two stationary 
states. 

The calculation of transition probabilities by quantum-mechanical 
methods leads to the interesting general result that for a given atomic 
system there are a great many transitions for which the transition 
probability is zero; that is, the two states concerned do not combine 
to emit or absorb radiation. Since the characteristics of the two 
states are determined by their quantum numbers, it is possible to 
express transition probabilities in terms of quantum numbers, and in 
particular, to state what the relationships are between the quantum 
numbers of two states that do not combine. A generalization of 
transition probabilities expressed in terms of the quantum numbers 
is termed a selection rule, because the rule enables one to make a 
selection of the pairs of states which combine (the so-called allowed 
transitions), and of the pairs which do not combine {forbidden transi¬ 
tions) from the various pairs. Selection rules usually take the form 
of a statement of the changes in quantum numbers associated with 
allowed transitions. In terms of the quantum numbers i, S, J 
(§ 10 . 4 ), the selection rules* governing allowed transitions are 


M == 0, zbl 

AS = 0 

At/ = ±1 (all J values) 

AJ = 0 (all J values except J = 0) 

* The rules are valid only for atoms in which the LS coupling (Russell-Saunders 
coupling) holds. L,S coupling is a good approximation for atoms of low atomic number 
but is not so good for heavy atoms. For heavy atoms, in which the so-called 
coupling or intermediate types of coupling obtain, the rules hold only roughly. Espe¬ 
cially the selection rule AS 0 is no longer strictly valid, and many “intercombina¬ 
tion'’ lines, corresponding to transitions in which AS = 1 or more, are observed. The 
well-known “resonance line” in mercury at 2537 A is an example. Here AS « 1, 


(10.19) 



THE ORIGINS OF ATOMIC SPECTRA 


247 


§ 10 . 6 ] 


The symbol AL stands for the difference between the value of L in 
the initial state and that in the final state, AS and AJ have analogous 
significance. 

An interesting situation arises when a given energy state in an atom 
or molecule may not combine with the lowest energy state (the so- 
called ground state) in the atom, or with any of the intermediate 
energy states between it and the ground state. If, in such a case, the 
atom by some means gets into the given energy state, it will be unable 
to drop to a lower state by the emission of radiation and hence will 
remain in the upper state for an indefinite length of time. It may 
ultimately change from the state by the absorption of radiation, or 
by a collision with another atom, but transitions by these mechanisms 
are usually slow compared with those which emit radiation. When 
an atom remains in an excited stationary state for a long time, that 
state is said to have a long “lifetime’’ and is called a metastable state. 
The lifetime of an atomic state generally is of the order of magnitude 
of 10"“* sec, but for metastable states it may be many orders of 
magnitude larger. 

Evidently, from the foregoing remarks, it is desirable to have some 
knowledge of what energy states are occupied by the atoms or 
molecules in a system whose spectra we wish to understand. Atoms 
and molecules may be raised to upper states {excited states) from the 
ground state by various means, including electrical discharge and 
heating. If the excitation occurs by heating and if thermal equilib¬ 
rium among the atoms or molecules is approximately established, the 
number of atoms or molecules in a stationary state of energy W 2 com¬ 
pared with the number in the ground state Wi is given by the ex¬ 
pression 


A2 ^ 

gi 


( 10 . 20 ) 


in which Ni and N 2 are the numbers of atoms in states 1 and 2, 
Qi and g 2 the respective degeneracies of states 1 and 2, k is Boltz¬ 
mann’s constant (1.371 X 10“^® erg per degree per molecule), and 
T is the absolute temperature. The right-hand side of Eq, (10.20) 
is sometimes referred to as the Boltzmann factor for state 2, when 
state 1 is the ground state. 

The same quantum-mechanical calculations that lead to the selec¬ 
tion rules also provide certain generalizations about intensity rela¬ 
tionships within multiplets. These intensity rules are as follows: 
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A. The sum rules : 

1. The sum of the intensities of all lines of a multiplet that begin 
their transitions from the same energy level is proportional to the 
degeneracy gi of that level. In terms of J, gi = 2,7+1. 

2. The sum of the intensities of all lines of a multiplet that end 
their transitions on the same energy level is proportional to the 
degeneracy gi of that level (</» = 2J + 1). 

B. The rules for relative intensities within a multiplet (all L, S, J 
values are those of the final state): 

For AL = +1, AJ = +1 ’ 

j _ (L + + S + 1)(L + y + S)(7> + J — S){L J — S — 1) 

= —7 ■ 

For AL = +1, AJ = 0: 

~(i + J+S+l)(X+J~S)(L--J+S)(L-~y--S~l)(2J + l) 

71 ) 

For AL == +1, AJ = -1: 

(L - J +S ~1)(L -J+S){L-J -S - 1)(L - J -2) 

Irel - (:r+l) 

For AL = 0, a j == +1: 

, - (L + J +S + 1)(L +,/ - .S)(/^ -J+S+ 1)(L - J ^ S) 

Irel — " 

For AL = 0, AJ = 0: 

, [L(L + 1) + J{J + 1) - .S(.S + l)f (2L + I) 

~ J{J + 1) 

For AL = 0, AJ = -1: 

~ (L +J +S +2)(L ~J +S)(L +J -S +I)(L -J -S-1) 
irel- - (J+1) 


For AL = —1, A J = +1, 0, —1: The formulas for AL = —1 
can be obtained from those for AL = +1 by reversing the sign of AJ 
and using the L, J, S values of the initial rather than the final state. 
A factor involving the frequencies of the multiplet lines and the tem¬ 
perature of the source has been omitted from the sum rules and 
relative-intensity formulas. Usually the relative values of this factor 
for the different lines are not far from unity. 

As an example of the application of these rules, there may be cited 
the studies of Harrison and collaborators.^ 

* G. R. Harrison and H. Engtvieht, Jour. Opt. Soc. Am., 18, 287 (1929). 
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10.7. The Effect of External Influences on Atomic Spectra. The 

energy-level scheme of an atom determines the radiation frequencies 
which the atom can emit, and the selection rules control the transitions 
between these levels. Before one can say, however, what the spec¬ 
trum of an assemblage of atoms will look like, the number of atoms 
populating each energy level must be known. The populations of 
the energy levels are quite sensitive to the environment of the assem¬ 
blage, and therefore this environment is important for the appearance 
of the spectrum. 

Among the most important factors in the environment are tempera¬ 
ture and pressure. When thermal equilibrium prevails in an assem¬ 
blage of atoms, the populations of the various energy levels decrease 
exponentially with the height of the levels above the ground level and 
in(Tease exponentially with the temperature [see Eq. (10.20)]. This 
statement means that as temperature goes higher, the populations of 
other energy levels than the ground level increase, and therefore the 
number of atoms that can make transitions to lower levels increases. 
Consequently, the intensities of the spectral lines emitted by an 
assemblage of atoms such as those in a star or in a vapor heated by 
a furnace are strongly dependent on temperature and in turn are a 
clue to the temperature of the emitter. 

When the excitation to upper levels is accomplished by thermal 
means, the populations of the higher levels are in general much 
smaller than those of the lower ones. Therefore the intensities of 
spectral lines of short wavelength, which must come from high levels, 
are also small. This statement does not mean, however, that all lines 
of long wavelength are more intensely emitted than lines of short 
wavelength, because a line of long wavelength can result from a 
transition between two closely spaced high levels. This is an example 
of the general rule that the temperature dependence of the intensity 
of a spectral line is given by the temperature dei>endence of the 
population of the energy level from which the radiating transition 
starts. It should be noted that while the intensities of lines that arise 
from high starting levels are small, the temperature variation of this 
intensity, percentagewise, is very large [see Eq. (10.20)]. 

An interesting situation arises when radiation is emitted by an 
assemblage of atoms that is divided into two regions, one at a higher 
and the other at a lower temperature. Such a situation may exist 
under proper circumstances in a gas discharge tube, in which the 
atoms at the center of the tube are at high temperatures while the 



250 


THE ORIGINS OF ATOMIC SPECTRA 


[§10.7 

ones on the periphery (near the walls) are at lower temperatures. 
Those spectral lines which originate at the higher energy levels will 
be emitted by the high-temperature part of the assemblage with 
relatively higher intensities than by the low-temperature part; but 
before this radiation can leave the tube, it must pass through the 
region of the low-temperature atoms. Here the lower energy levels, 
which are the final levels of the transitions giving rise to radiation 
from the high-temperature atoms, act as starting levels in the low- 
temperature atoms, and the radiation is absorbed. The ground 
level is particularly important in this process, since its population 
is always large. 

The net result of the absorption of some of the radiation before it 
leaves the discharge tube is that certain lines, especially those involv¬ 
ing the ground level, are markedly diminished in intensity. The 
diminution may be so great that the lines actually are weaker than 
the continuous background present in every high-temperature spec¬ 
trum and hence appear as dark lines against a bright background. 
Such lines are said to be reversed,* The outstanding examples are 
the famous Fraunhofer lines in the sun’s spectrum, which arise from 
the absorption by atoms in the relatively low-temperature outer 
envelope of the sun’s atmosphere. An example frequently met in 
the laboratory is the reversal of the £537 A line in the high-pressure 
mercury arc. Sometimes a bright line is seen with a dark line at its 
center; this is called self-reversal. If the line is merely changed in 
shape on passing through the assemblage, it is said to be self-absorbed. 

Another, but minor, influence of temf)erature on line spectra is 
the broadening of lines because of the Doppler effect. An atom 
moving away from the slit of a spectrograp)h along its optic axis emits 
radiation of frequency v — Ar, whereas an atom moving toward the 
slit with like velocity emits radiation of frequency v + Av, These 
frequencies are measured with resp)ect to the frequency v emitted by 
a stationary atom, and the value of Av is 

A ^ 

av ^ V » 

C 

where v is the velocity of the moving atom and c that of light. Since 
the average velocity of the atoms will increase with temperature, the 

* This kind of reversal of spectral lines is to be distinguished from the “reversal** of 
very intense lines on the photographic plate. The latter, a purely photographic 
phenomenon associated with overexposure, is independent of the source of radiation 
(Compare § 7X page 145). 
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average Av will also increase; that is, the observed spectral line will 
broaden. The magnitude of the effect is indicated by the increase in 
the half width* of one of the sodium D lines at 5890 A that results 
from a temperature change from 800 to 3000®K. The half width 
changes from 6.5 X 10^ sec~S or 0.0075 A, to 20.5 X 10® sec'”^ or 
0.024 A. 

The influence of pressure on spectral lines arises from the increase 
in the number of atoms per unit volume which occurs when pressure 
is increajsed. The intensity of both line and continuous spectra may 
increase with elevation of pressure simply from the increase in the 
number of radiating atoms. If self-absorption occurs, the elevation 
of pressure may reduce the intensity of certain lines. The chief 
effect of more atoms per unit volume, however, is a higher number of 
collisions per second between atoms. The exact frequency of a 
spectral line depends on the energy difference between the initial and 
final levels. Since these levels are shifted slightly during a collision, 
the frequency of the line shifts. The effect of increased collisions is 
twofold—a widening of the spectral line, called pressure broadening^ 
and a shift to lower frequencies. Pressure broadening is of the 
greater practical importance, because the line width limits the accu¬ 
racy with which its wavelength can be measured, as well as the 
resolution of closely spaced lines. The order of magnitude of pressure 
broadening in atomic spectra is about one-third of a wave number per 
atmosphere. 

10.8. The Stark and Zeeman Effects. The most fruitful kind of 
external influence that can he exerted on an atomic spectrum is that 
of an electric or magnetic field. An electric field affects the spectrum 
because it adds an additional electric force to that already existing 
between tlie atomic nucleus and the electrons. The result is a 
*\splitting” of those atomic energy levels which are degenerate, and a 
consequent splitting of spectral lines. This splitting, called the 
Stark effect, was not discovered until 1918 because of the tremendously 
strong electric fields required to produce it to an observable extent. 
Field strengths in excess of 100,000 volts per centimeter are required. 
Field strengths of this order, however, are quite weak compared to 
the fields existing in atoms and molecules. For example, the field of 


* The term half width means the width of a spectral line measured from a point 
on one side of the line where the intensity is half that of the peak to the corresponding 
point on the other side of the line (compare Fig. 6.1). 
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the proton acting on the electron in the deepest energy state of the 
hydrogen atom is 100,000 times larger still, or approximately 10 bil¬ 
lion volts per centimeter. 

The theory of the Stark effect is of prime importance in the theory 
of spectra, but the effect itself is not of much practical use in the 
analysis of spectra. The corresponding effect of a magnetic field, 
however, is of great practical as well as theoretical importance, chiefly 
l)ecause of the larger magnitude of the splitting of spectral lines pro¬ 
duced by magnetic fields that can be created without great difficulty 
in the laboratory. This larger splitting was also responsible for the 
earlier discovery (1897) of the effect by Zeeman. One of the reasons 
for the practical importance of the effect is Preston’s rule, which 
states that all the members of a spectral series have the same Zeeman 



Fig. 10.5a. The Stark effect in the spectrum of helium, according to J. S. 
Foster.^ The electric field producing the effect is inhomogeneous, so that the 
magnitude of the effect varies from one point in the source to another. 

pattern, that is, exhibit the same splitting in a magnetic field. The 
rule has been verified by a vast amount of experimental work and in 
turn has contributed powerfully to the understanding of complex 
spectra by providing a clear-cut method of classification of lines into 
series. Examples of the Stark and Zeeman effects are shown in 
Fig. 10,5. 

ATOMIC SPECTRA AND ATOMIC STRUCTURE 

The elucidation of atomic energy levels and quantum numbers by 
the interpretation of atomic spectra has furnished a thorough explana¬ 
tion of the periodic table of the atoms. This explanation has been 
as valuable to the chemist as to the physicist, for it has cleared up 


® J. S. Foster, Proc. Roy. Soc., A 117,137 (1927). 
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mystifying features such as the 14 rare earths, and has enabled the 
chemist to understand the electronic basis of chemical valence. The 
keystone to this explanation is the Pauli exclusion principle, which 
will be discussed briefly in terms of its application to the periodic 
table. 

10.9. The Pauli Exclusion Principle and the Periodic Table. The 
Pauli principle was foreshadowed by Bohr’s building-up principle^ in 
1921. It was announced by Pauli® on empirical grounds in 1925 and 



Fig. 10.5b. The Zeeman effect in rhodium, after Molnar and Hitchcock.^ 

The top spectrum shows near ultraviolet lines in the normal spectrum of rhodium 
in the absence of a magnetic field. The middle gives the perpendicularly polar¬ 
ized and the bottom the parallel-polarized Zeeman effect produced by a magnetic 
field of 90,500 oersteds. 


has since been demonstrated theoretically to be a consequence of the 
fundamentals of quantum mechanics. It states that no two electrons 
in the same atom can have the same four quantum numbers. Since 
the quantum numbers themselves are subject to severe restrictions 
(n = integer, I = integer smaller than n,m ^ positive or negative in- 

*N. Bohr, ZeU9chrJ. Physih 9, 1 (1922). " 

• W. Pauli, ZeiUchrJ, Physik, 31, 765 (1925). 

• J, P. Molnar and W. J. Hitchcock, Jour. Opt. 8oc, Am. 30, 523 (1940). 
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teger equal to or smaller than Z, and 5 = =*= |), the Pauli principle and 
the energy rules pretty definitely dictate the electronic structure of 
an atom or ion. 

The electrons, in arranging themselves around the atomic nucleus, 
will try to occupy those energy levels which are lowest; that is, all 
electrons seek to have a principal quantum number n = 1. The 
Pauli principle, however, excludes all but two electrons from the 
level n = 1, since of necessity 1 = 0 and m = 0 when n = 1. Thus 
the electrons with n = 1 can differ only in their spins, one having 
s=i + ^ and the other s = — The other electrons in the atom 
must have n = 2 or larger. A collection of electrons with the same 
principal quantum number, such as the pair of electrons with n = 1, 
is called a shell.* A shell is said to he filled or completed if the number 
of electrons therein is the maximum permitted by the Pauli principle. 
When n = 1, this maximum is but for larger n values the maxima 
are larger. When n = 2, Z = 0 or 1, and therefore m = 0 or — 1, 0, +1. 
Consequently, the shell for n = 2 can have eight electrons, one pair 
each for Z = 0, m = 0; Z = 1, m = — 1; Z = 1, m = 0; Z = 1, 

777- = +1. 

In shells where several values of Z are possible, the question of 
which Z value has lowest energy arises. The answer, as we have seen 
in the case of sodium atom (Fig. 10.4), is that lower Z values (eccentric 
orbits) correspond to lower energies. Therefore in an unfilled shell, 
the electrons will prefer the levels of lowest Z. 

Another important energy question arises when rt is larger than 3. 
As one can see by referring to Fig. 10.3, the space between levels of 
different n is very small when n is more than 3. For these levels, the 
value of Z is of comparable importance to that of n in determining the 
energy, and one cannot say offhand whether the level ti == 4, Z = 0, 
will have lower or higher energy than the level n = S, I = 2. For 
the sodium atom, the energy-level diagram indicates clearly that the 
level 71 = 4, Z == 0 is the lower. As a result, electrons will enter this 
level in preference to the level 7t = 3, Z = in other words, electrons 
will enter the shell ti = 4 before the shell n = S has been completed. 

* Shells are frequently denoted by capital letters: 





THE ORIGINS OF ATOMIC SPECTRA 


255 


This preference is illustrated in the periodic table by potassium, the 
atom with 19 electrons. Of these 19, two are in the shell n = 1, 
eight in shell n = 2, and eight in the shell n = 3 (2 with n = 3, 
/ = 0, and 6 with n = 3, / = 1). There is still room for 10 electrons 
in the shell n = 3 (ri = 3, Z = 2), but because the energy of the level 
n = 4, Z = 0 is lower, the nineteenth electron enters this level. As 
a result, potassium has an electronic structure similar to sodium, 
with a single outermost s electron. Likewise, in the atom with 
20 electrons (calcium), the nineteenth and twentieth electrons both 
enter the level n = 4, Z = 0. However, in the atom with 21 electrons 
(scandium), the twenty-first electron must choose between n = 4, 
Z = 1 and n = 3, Z = 2, because the level n = 4, Z = 0 will hold only 
two electrons. As one can see from Fig. 10.4, the level w = 4, Z = 1 
is higher than n = 3, Z == 2. Hence the twenty-first (and the next 
nine electrons thereafter) enters the levels n = 3, Z = 2. 

Thus from a combination of the Pauli principle with the energy 
characteristics of electrons as determined by their quantum numbers, 
the ground-state (lowest-energy) (!onfiguration of an atom or ion of 
any number of electrons can be understood. For chemists this is of 
great importance because of the relationship between the electronic 
structure of atoms and their chemical properties. The periodic table 
of the elements, for example, which was first determined from chemical 
properties, is completely explained on the basis of the periodicity in 
electronic configurations of the atoms. In Table 10.3 are summarized 
the electronic structures of the chemical elements. For detailed dis¬ 
cussion of these structures, one should refer to any standard text on 
atomic spectra, of which several are listed in General References 10.1 
to 10.6. 

For the spectroscopist, who is interested in all the electronic energy 
levels, an understanding of the structure of polyelectronic atoms is 
likewise of paramount imjiortance. Spectroscopic principles that 
follow from the previous reasoning are given herewith: 

Similarity of spectra of isoelectronic atoms and ions. The operation 
of the Pauli principle is not dependent on the size of the positive 
charge on the nucleus of an atom. The primary effect of a change 
in this charge is a change in the scale of the atomic-energy levels. 
We indicated this in our discussion (§ 10.1) of the spectrum of the 
helium ion He"^, the energy levels of which were those of the hydrogen 
atom, except for a scale factor of 4 associated with the double charge 
on the helium nucleus. As a result of the Pauli principle, one can 
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TABLE 10.3 


Electronic Structures op the Atoms* 


Element 

Number of 

Inner 

Outermost electrons 

Ground term 

electrons 

electrons 

symbol 

H 

1 


l,v 


He 

2 


(l,v)2 

hSo 

Li 

3 


2,v 


Be 

4 


(iv)2 

hSo 

B 

5 

=3 


-Pll2 

C 

6 




N 

7 

<u 


hVa/a 

O 

8 




F 

9 


(2,v)2(2p)^ 


Ne 

10 

1 

(^■<mpr 

hSo 

Na 

11 


3s 


Mg 

12 

i 

(3»)2 


A1 

13 

"oJ 

(iuysp 


Si 

14 

CC 

(:m3p)^ 


P 1 

15 

a 

o 

(3,v)2(,'lp)’ 


S 

IG 


(3s)H3p)* 

“A 

Cl 

17 


(3s)HSp)‘ 


A 

18 


(3sy(3p)<’ 

'.S'o 

K 

19 


4s 


Ca 

1 20 

t/3 

(■ts)^ 


Sc 

21 

(A 

3d(4s)^ 


Ti 

22 

a 

(3d)‘(4s)‘ 

^2 

V 

23 

o 

bo 

(3</)-’(4.v)“ 


Cr 

24 

< 

(3dy4s 

’.S’s 

Mn 

25 


(iUH4sy- 



* Column 1 gives the chemical symbol. Column 2 gives the number of electrons 
surrounding the nucleus (that is, the atomic number) of each chemical element. Col¬ 
umn 3 shows the number and distribution of inner electrons, which are those electrons 
unchanged during chemical reaction. For brevity, these are expressed in terms of the 
electronic configuration of the rare-gas atoms. The inner electrons in Li, for example, 
are the two 1^? electrons, which have the same arrangement that one finds in the He 
atom. In Na, the inner electrons are the two 1^, the two and the six 2p electrons, 
which is just the arrangement in Ne, and so on. Column 4 lists the remainder of the 
electrons. The ^‘exponent** of the bracketed symbols indicates the number of elec¬ 
trons of the type within the brackets. For example, means “two electrons.** 
TliC ground term symbols in column 5 are explained in the text (§ 10.4). Although 
these symbols can be worked out from the electronic configuration in column 4, it 
must be remembered that the reverse procedure is the one actually followed. The 
ground term symbol is determined by an analysis of the spectrum, and from it the 
electronic configuration is inferred. When the spectroscopic evidence for the ground 
term symbol is not clear-cut, the symbol is marked “?**. 
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TABLE 10.3 —Coniinued 


Electkonk’ Structures of the Atoms 


Eleriierit 

Number of 
electrons 

Inner 

electrons 

Outermo.st electrons 

Ground term 
symbol 

le 

aa 


(;{(/) '(4.v)2 

‘«4 

C’o 

27 



V<V 2 

Kv 

28 



V'4 

Cii 

29 


(;w)‘»4x 


Zn 

30 


(:W)‘“(4*)2 

bSo 

(in 

31 

a 

(.'W)><'(4.«)H7? 

V’,/, 

(ie 

32 


(:W;>»(4a-)=(4;<)“ 

■V >0 

As 

33 


(3l/)»«(4.v)‘'*(4/>)''’ 


Se 

34 


(;W)'»(4.'<;2(4;»)' 


Br 

35 




Kr 

30 


(:W)'»(4.v)»(4/^)« 

bSo 

Rb 

37 



*'^'^’ 1/2 

Sr 

38 


(5.«)2 


Y 

39 


4d(5.v)2 


Zr 

40 


(4rf)’(.'>«)2 


Cb 

41 


(4(/)‘.-).v 


Mo 

42 


(4(/)'->Jt 

’‘S’3 

Tc 

43 

JS 

(4rf) «:>,•* 


Ku 

44 


(4i/)^5.v 


nil 

45 

a 

(4i/)^5/f 


Pd 

40 

0 

Q- 

(4(/)"> 


Ag 

47 

c* 

(4(/)>'>5.v 


Cd 

48 

w 

(4f/)">(5.v)' 

‘No 

In 

49 


(4rf)»'(5-vr'.V 


Sn 

50 


(4rf)‘"(;>.v)-(,’>;y)2 

*Po 

Sb 

51 


(4</)‘»{.>.v)2(,>y,)» 

“Na/, 

Te 

52 


(4</)”’(5»}®(.');7)* 

«P 2 

I 

53 


(4(/)i»(r>,v)H.V)-' 

^1\!2 

Xe 

54 



‘No 

Cs 

55 


! 0.? 

“N,/-> 

Ba 

50 

i "5 

( 6 .s 0 * 

‘No 

La 

57 

^ ~ 

5d(0.v)2 

‘^/) 8/2 

Cc 

58 



“H. ? 

Pr 

59 


(4f)H6«)* 

*/»/2 ? 

Nd 

00 


(4/)*(fi«)2 



01 

s 

n 

(4/)H(i*)» 

<‘n,/t ? 

Sra 

02 

m 

(4/)'>(6»)» 


Eu 

03 

§ 

(4/)^(6»)« 


Gd 

04 

Q 

(4/)f5rf(6s)* 

>n. 

Tb 

05 


(4/)»(6«)2 

*//,W 8 ? 

i>y 

00 


(4/)>'>(e«)» 

‘/s ? 

Ho 

07 

i 

(4/)‘>(6«)* 

V 45/2 ? 
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TABLE 10.3 —Continued 
Electronic Structures of tub Atoms 


Element 

Number of 
electrons 

Inner 

electrons 

()u ter most elect ron s 

Ground term 
symbol 

Er 

68 


(4/)«((i.sf 

? 

Tm 

69 




Yb 

70 

-c 

(4/)»(C..v)= 

bSo 

Lu 

71 


(4/)»45fi(6.v)2 

y)>iz 

Hf 

72 



•V<2 

Ta 

73 



^h\l2 

W 

74 


(4/)»(.5rf)H<i-v)“ 


Re 

75 




Os 

76 


(4/)»(5rf)''(«-v)’* 

^/>4 

Ir 

77 

cn 

(4/)'-(5</)’(6.v)2 


Pt 1 

78 


{ify\r>d)^Gs 


Au 

79 

^ ! 

{4f)%5dyH]s 


Hg 

80 

P 

o 

(4/)H(5rf)>»(0.'()2 

bS’o 

T1 

81 

P 

o 


‘^PM2 

Pb 

82 



•V^o 

Bi 

83 


(4/j»(.5rf)'»((i.v)*(r>p)'’ 


Po 

84 


(4/)»(5rf)'»((i.v)2(«p)< 


At 

85 


(4/)>*(5</j><'(«.-)“(0p)'‘ 


Rn 

86 


(4/)“(5rf)"’(().'t)-((ip)' 

^So 

Er 

87 


7.V 


Ra 

88 



bSo 

Ac 

89 

OC 

6rf(7»)» 


Th 

90 

'oj 

(6rf)H7*)2 


Pa 

91 

(» 

{5fy6d(7«y 

^Ai1/2 ? 

U 

92 

p 

o 

(r>fyM(7sy 


Np 

93 

'O 

OS 

A.* 

i!>f)*(>d(7sy 

KMwi ? 

Pu 

94 

W 

{!if)m(7.iy 

^^4 ? 

Am 

95 


(.5/)«M(7,v)' 

«//8/2 ? 

Cm 

96 


(5/)’M(7»)* 

Hh ? 


make the general statement that the energy levels of two atoms or ions 
with the same number of electrons (which are called isoelectronic with 
one another) are closely similar except for a scale factor. The closer 
the two nuclear charges, of course, the closer the similarity and the 
smaller the scale factor. 

This similarity of isoelectronic spectra was first recognized em¬ 
pirically and was enunciated as the displacement law by Kossel and 
Sommerfeld^: The spectrum of an ionized atom of net positive charge 


’ W. Kossel and A. Sommerfeld, Verh, der deutsch. phys. Oes,, 21, 240 (1919). 




TABLE 10.4 


§10.9] 


THE ORIGINS OF ATOMIC SPECTRA 


259 













260 THE ORIGINS OF ATOMIC SPECTRA [§10.9 

c has a structure closely analogous to that of the neutral atom c 
places ahead of the ionized atom in the periodic table. 

The alternation of multiplicities. According to the displacement 
law, a neutral atom and the singly ionized atom just following it in 
the periodic table should show the same kind of spectrum, including 
the same multiplicities. As was mentioned in § 10.4, atoms and ions 
with even numbers of electrons show odd multiplicities, and vice 
versa, and so isoelectronic atoms and ions should be expected to show 
the same multiplicities. Two neutral atoms adjacent in the periodic 
table differ by one electron, and accordingly show respectively even and 
odd^ or odd and even^ multiplicities. This pattern is illustrated in 
Table 10.4, which combines the displacement law and the law of 
alternation of multiplicities for the first long row in the periodic table. 
The maximum multiplicity of 8 in Mn, Fe^, and Co"^ is calculable 
from the Pauli principle: as the shell with n = 8 fills up beyond the 
halfway point, more and more electrons have to pair up their spins, 
with consequent decrease in the possibilities for multiplicity. 
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CHAPTER 11 


Molecular Spectra and Molecular Structure 


Atomic spectra arise from electrons in motion about a single 
heavy positively charged nucleus. The motion of the atom as a 
whole, which is essentially imaecelerated straight-line motion, 
influences atomic spectra only in a relatively minor way through the 
Doppler effect. In a molecule, on the other hand, the electrons move 
about two or more heavy positively charged nuclei, and the nuclei 
themselves not only move together in a straight-line translation but 
also rotate and vibrate periodically about their center of gravity. 
These latter motions, being periodic, exhibit spectroscopic activity 
on their own account, and in addition influence the electronic spectra 
of the molecule. This influence, which is missing from atomic spec¬ 
tra, results in a highly complicated fine structure. The details of the 
electronic spectra of molecules, as well as those spectra concerned only 
with molecular vibration and rotation, will be considered briefly. 


ENER(JY LEVELS IN IMOLECULES 

A fundamental statement about energy levels in molecules is that 
the molecular energy, fFmoi, is the sum of its translational, rotational, 
vibrational, and electronic energies : 

H^ruol = H^'truns + (ILl) 

The translational energy, fLtraos^ significant effect on molecular 

spectra and will henceforth be disregarded. 

ILL Rotational Energy Levels in Molecules. The rotational 
energy, IFrot> ^ molecule is directly related to the angular velocity 
with which the molecule rotates. It is a result of quantum mechanics 
that a molecule may not rotate with any arbitrary velocity but only 
with certain restricted velocities, and therefore that only certain re¬ 
stricted values of JV^ot are possible. The set of possible Wj^oi values 
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may be schematically represented by an energy-level diagram 
analogous to the diagrams previously given for atomic energy levels. 
The appearance of the rotational energy-level diagram is strongly 
dependent on the geometrical form of the molecule, because the rota¬ 
tional energy depends on the moments of inertia of the molecule, 
which in turn depend on the molecular geometry. Every molecule 
except those whose atoms all lie on a straight line has three intersect¬ 
ing, mutually perpendicular axes, passing through the molecular 
center of gravity, about which the molecule can rotate and with 
respect to which the three moments of inertia are ciilculated (see 



Fig. 11.1. How molecules rotate, (a) Linear molecule (acetylene), (b) 
Spherical top (uranium hexafluoride), (c) Symmetrical top (ammonia), (d) 
Asymmetrical top (water). 

Fig. 11.1). Each moment is associated with one of the three axes 
and is determined numerically by multiplying the mass of each atom 
by the square of its distance from the axis, and adding up these 
products for all the atoms in the molecule. Symbolically, 

N 

h = ( 11 . 2 ) 

t«l 

Here la is the moment of inertia about axis a, and Mi and fia are, 
respectively, the mass and the distance from a of atom i. The sum 
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includes all N atoms in the molecule. Equations identical with 
Eq. (11.2) except for the different values of r, give the moments h and 
Ic about the two other axes b and c. Ordinarily, the three moments 
of inertia have different numerical values, but sometimes the molecule 
has a symmetrical geometry that leads to two or even three equal 
values. In the former instance, the molecule is known as an asym- 
metrical-top rotator* and in the latter two as a symmetrical-top rotator 
and a spherical-top rotator^ respectively. 

When all the atoms in a molecule lie on a straight line, the moment 
of inertia of the molecule about that straight line as an axis is zero, 
because all the values are zero. In such a case, the molecule cannot 
rotate about the straight line determined by the atoms, but only 
about intersecting axes perpendicular to it. The moments of inertia 
about these intersecting axes are equal. Such a molecule is a linear 
rotator. 

The rotational energ;y% W^rot^ is entirely kinetic. It depends on the 
rotational quantum numbers of the molecule in different ways for the 
different kinds of rotators. For the linear and spherical-top rotators, 
only one quantum number, J, is involved,f and the equation is 

+ ^)Bhc (11.3) 

where B = - . • ♦ The values of J are 0, 1, 2, S, , oo. 

Hir'clb 

In the symmetrical top, the equation is 

IFrot = J(J + ^)IBic + KHC - B)hc (11.4) 

where C = - - • The quantum number K can have both positive 

and negative values but can never exceed J numerically. 

There is no general expression for the energy levels of the asym¬ 
metrical top, which depend in detail on the relative values of /«, h. 


* The word top is used here in the sense of the child's toy, which, incidentally, is 
usually a symmetrical-top rotator. 

fThis quantum number is not to be confused with the atomic quantum number J 
of § 10.4. In the atomic case, J depicts the total electronic angular momentum, 
whereas J in the molecule usually is the index to the total angular momentum of 
rotation of the nuclei about the molecular axes. In both cases, however, the relation 
between J and the angular momentum is the same, namely. 

Angular momentum — V,/(,/ -j- i) A. 
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and Ic* However, the energy-level scheme can be inferred qualita¬ 
tively from the fact that it approaches that of the symmetrical top 
when two of the values of the moments of inertia approach one 
another. 

It will be noted that the rotational energies go up as the square 
of J; that is, as J gets larger, the spacing between levels gets larger. 
This result is in contrast to the electronic levels in atoms, which get 
closer together as the principal quantum number gets larger. More¬ 
over, the energies of rotation are inrerjtely proportional to the moment 



KsO K=i K*2 Ks3 K«4 K=5.6—^ 

Fig. 11,2. Rotational energy levels for molecules. 

of inertia, so that for heavier molecules, both the energy levels and 
their spacings are smaller than for lighter molecules. Figure 11.^ 
shows the lowest energy levels of a symmetrical top in which /« = 

= The energy levels in the column K = 0 are also those of a 
linear or spherical-top rotator whose moment of inertia is 7^, since 
£q. (11.4) reduces to Eq, (11.3) when jfiC = 0. The rotational 
energies of various kinds of molecules are summarized with examples 
in Table 11.1. 

The preceding discussion is valid only for molecules that can 
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rotate freely; therefore the rotational energy-level diagrams are valid 
only for molecules in the vapor state. In liquids and solids, rotation 
is usually hindered or stopped entirely by intermolecular forces and, 
with rare exceptions, the rotational energy levels are ^‘smeared out” 

TABLE ll.j 


Rotational Energies in Moleculks 


Type of 
rotator 

Moments of 
inertia 

Rotational 

energies, 

Geometrical 

forms 

Examples 

Linear 


J{J -{- 

Straight 

line 

All diatomic 

molecules; 
carbon diox¬ 
ide; acetylene 

Spherical top 

/a - /6 - /. 

,/(./ + 1 )«//<■ 

Tetrahedron 

Methane; 

phosphorus 

{Pi) 

Octahedron 

Uranium hexa¬ 
fluoride 




Cube 

None known 

Symmetrical 

top 

la ^ Ic 

J{J+\)Bhr 

+ K'‘((' - B)hr 

Any symmetry 
with only one 
threefold or 
higher syrnme- 
1 try axis, such 

i 





IVigonal pyra- 

i mid 

1 

Ammonia 




Trigonal prism 

Cyclopropane 




Plane hexagon 

Benzene 

Asymmetrical 

top 

la ^ lb 7^ Jc 

1 

No general ex¬ 
pression 

Any symmetry 
lacking a three¬ 
fold or higher 
symmetry axis 

Most poly¬ 
atomic mole- 
dules 


into a continuum of levels. Accordingly, the study of rotational 
spectra is almost entirely confined to those molecules which can be 
obtained in satisfactory concentrations in the vapor state. 
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11,2. VibrationaJ Energy Levels. A molecule containing iV atoms 
has 3iV kinds of motion. Three of these are simple translation, and 
three, as we have just seen, are rotations about the three axes of 
inertia (two if the molecule is linear). There are therefore SN — 6 
additional kinds of motion (SN — 5 if the molecule is linear). These 
are all vibrational, and associated with each kind is a vibrational 
frequency. As long as the vibrations are not violent, that is, are 
restricted to amplitudes less than about one-tenth the average dis¬ 
tance between atoms, the vibrations are essentially harmonic. The 
actual form of the vibrational pattern may be quite complicated, but 
it is always possible to regard any harmonic vibration whatever as 
the superposition of two or more simple vibrations called the normal 
vibrations of the molecule. 

In a normal vibration, the atoms all move with the same frequency, 
which is independent of the amplitude of vibration, and their dis¬ 
placements from the positions they occupy in the nonvibrating mole¬ 
cule vary with time in pure sine-wave fashion. There are 3A — 6 
normal vibrations, and the 3iV ~ 6 frequencies associated with them 
are called the fundamental frequencies of the molecule. These fre¬ 
quencies may all be different, or there may be several pairs or triples 
of vibrations with the same frequency. Because the forms of the 
normal vibrations are strongly dependent on the symmetry of the 
molecule, symmetry is of great help in the determination of the vibra¬ 
tional amplitudes and frequencies. For example, it can be shown 
that any molecule containing a threefold or higher axis of symmetry 
will have a certain number of its frequencies occurring in pairs, and 
a molecule with two or more threefold or higher axes will have a 
certain number of frequencies occurring in triples. Symmetry is also 
definitive for selection rules in vibrational spectra. The normal 
vibrations of several simple molecules are shown qualitatively in 
Fig. 11.3, in which the displacements of the atoms are depicted by 
arrows and by + and — symbols. The latter indicate respectively 
displacements above and below the plane of the page. 

The vibrational energy levels of a molecule form a simple pattern 
as long as the vibrations are harmonic, since in this case each vibration 
contributes a set of energy levels to the pattern that is independent 
of the energy levels of the other vibrations. The relation between 
the energies FFyib of one vibration whose frequency is vi and the 
vibrational quantum number Vi for that frequency is 
f^vlb = + i)hvi 


(11.5) 
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where = 0, 1, 3, . . . . There is a separate quantum number, t;, 

for each vibration, and the energy-level scheme is obtained by adding 
up the equations like Eq. (11.5) for all the SN — 6 vibrations: 

3V-r> 

l^^vib = z («’< + (11-6) 

The following characteristics of the energy levels of a single frequency 
may be noted: 

1. The energy levels are equally spaced, the spacing being hv; 

2. The lowest energy level (v = 0) is not at zero energy but at 
Ihv, This minimum energy, which remains with the vibrator even 
at the absolute zero of temperature, is called the zero-point energy. 


(a) Diatomic Molecule AB: 


A B 

(1) —1^; 

(!') ; 


(b) Linear Triatomic Molecule ABA- 
ABA 


—♦— 

—•— 

— 


X 





f— 

+ 


+ 


(c) Non-linearTnatomic 
Molecule ABC; 
ABC 

(I) 



(d) Planar Symmetricol Molecule BA^ 



Fig. 11.3. The normal vibrations of some small molecules. 


Figure 11.4 shows a few of the energy levels of a single vibrational de¬ 
gree of freedom. Such levels would constitute the entire vibrational 
energy pattern for a given electronic state in a diatomic molecule, or a 
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small part of the pattern for a polyatomic molecule. The lower levels 
have been drawn with approximately equal spacing, in accordance 
with Eq. (11.5), but the higher ones are crowded together somewhat 
to illustrate the effect of anharmonicity. This effect is always present 
and is a consequence of the fact that the forces between atoms cannot 
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Fig. 11.4. The vibrational energy levels of a diatomic molecule. 


be described accurately by simple force constants but vary with 
interatomic separation in a more complicated fashion. 

In order to indicate the relative magnitudes of vibrational and rota¬ 
tional energy levels, a few rotational levels are superimposed on the 
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lower vibrational levels. The levels are those for a diatomic molecule 
whose vibrational frequency is 1000 cm“^ and whose rotational 

TABLE 11.2 


Chauactkkibtic Vibkation^ Ekeqiten( IK8 f>F Gkoups of Atoms 


(iroiip 

Frequency, 

cnr^ 

Wavelength, 

microns 

(Jroup 

Frequency, 

cm"^ 

Wavelength, 

microns 

Single 



Double 



bonds: 



bonds; 



C—U 

1000 

10. 


1040 

0.10 

C—N 

1100 

0. 

f f cnj 

1500 

0..80 

C—D 

1150 

8.5 

C=c., 

1.505 

0.27 

C—E 

1200 

8.,8 


1040 

0.10 

( —S 

({50 

15.4 

( '-^^=Danh 

/1775 

5.63 


750 

1,8.,8 


11825 

5.48 

11 -( 

.SM5() 

,8.0 

U 

1745 

5.73 


,S020 

,8.30 

c-o..,i 

1710 

5.85 

11 -Car 

,‘5080 

,8.25 

U^)ket 

100,5 

5.90 

11-C.i 

2800 

,8.40 

U--==S 

1530 

0.54 


8400 

2.0 

Triple bonds; 



H 

,‘5,‘575 

2.05 


2220 

4.50 

II—() 

.‘5()00 

2.78 

( -N 

2250 

1 4.45 

U—F 

,‘5059 

2.,50 


21,50 

4.05 

II—Si 

2200 

4.42 

(=() I 

2105 

! 4.02 

H—P 

2,850 

4.20 

Some larger 






groups: 



H-S 

2585 

,8.87 

Methyl((’Ha) 

1.‘585 

7.22 

11—(1 

2880 

3.40 

Ether(C — 0 
— P) 

505 

17.70 

II—Sc 

22,80 

4.48 

Terminal 

' / ,08.5 

10.15 

11—Br 

2559 

,8.01 

C ==UH2 

11410 

7.09 

H—I 

22,81 

4.48 

Trifiuoro 

1.880 

7.25 




(CFs) 






NitroC-NO.) 

1505 

0.39 


The above frequencies in cm~^ and wavclenf?ths in microns are approximate because 
group frequencies vary somewhat from molecule to molecule. In general, a frequency 
value ending in two zeros means the group frequency varies as much as db 100 cm“"^ 
from the value given. A single final zero means ii:50 cm“^, and a final 5 means ±10— 
20 cm’"^ H—D and H—N frequencies are reduced from the listed values by 200 cm“^ 
and are broadened to a width of 100 cm""^ or more by hydrogen bonding such os exists 
in liquid H 2 O and NH 3 * 

Abbreviations: ac, acetylenic; aci, acid; aly aliphatic; am, amine and amide; 
anhy acid anhydride; ar, aromatic; cnj, conjugated; esty ester; cf, ethylenic; im, 
imide; isOy isocyanide; kety ketone and aldehyde. 

constant B [Eq. (11.3)] is 15 cm~^. Each of these levels corres¬ 
ponds to a particular value of v, the vibrational quantum numl>er. 
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and to a particular value of J, the rotational quantum number. 

An interesting result of the study of the vibrational spectra of 
thousands of molecules is that many of the vibrational frequencies 
of a molecule are essentially those of very small groups of atoms 
within the molecule, and that these frequencies are characteristic of 
the groups of atoms regardless of the composition of the rest of the 
molecule. This fact is of great usefulness in the applications of 
spectroscopy to the study of molecules containing more than three 
or four atoms. It serves as a basis for qualitative analysis of mole¬ 
cules and for the elucidation of molecular structure. Not all molecular 
frequencies, however, are group frequencies, since each molecule also 
contains vibrations which are characteristic of the molecule as a whole 
and which are strongly dependent on its over-all structure and com¬ 
position. A list of characteristic group frequencies is given in 
Table 11.2. 

11.3. Electronic Energy Levels. Electrons in molecules have four 
quantum numbers, as do electrons in atoms, and moreoever are 
subject to the restriction of the Pauli principle. They may be 
classified into three kinds: those which belong to a single atom, 
those which are shared by two adjacent atoms, and those which are 
shared by more than two atoms. 

The first kind of molecular electron consists of those electrons in 
the inner shells of the atoms in the molecule. They differ little from 
the corresponding electrons in the atom when it is not part of a mole¬ 
cule, and they do not contribute to the binding forces that hold the 
molecule together. Their contribution to the molecular electronic 
levels may be disregarded. 

The second kind occurs in all molecules, and necessarily all elec¬ 
trons in diatomic molecules are either of this or of the preceding kind. 
An electron that is shared by two atoms has a set of quantum num¬ 
bers which is similar to the set of atomic quantum numbers. The 
diflPerence lies in the replacement of the quantum number m by a 
new number (usually called X), which is simply the index to the 
orientation of the electronic orbit with respect to the interatomic 
axis. The restrictions on the four quantum numbers, n, Z, X, and s 
are the same as those in atoms. Specifically, X can be either positive 
or negative but never larger numerically than Z. In diatomic mole¬ 
cules, the X’s and spins couple in a manner quite analogous to the 
coupling of Vs and spins in atoms. The algebraic total of the X’s 
(called A) represents the projection of the total orbital angular momen- 
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turn of the electrons on the interatomic axis. This total is denoted 
by capital Greek letters 2,11, A, F,.. ., where A = 0,1, 3, 4 ... . 

Term symbols, by analogy to atomic symbols, are written 

MA 

For example, the lowest electronic state in H 2 , N 2 , and HCl is 
in O 2 , ^2; and in NO (nitric oxide), TI. Most chemically stable 
diatomic molecules have ^2 ground states. There is usually no sub¬ 
script analogous to the atomic quantity J, because the total angular 
momentum of the molecule changes from one rotational state to 
another, and therefore the total angular momentum is not deter¬ 
mined by the electrons alone, as it is in atoms. However, other 
symbols are often added to to give additional information about 
the electrical structure of the molecule. These are discussed in detail 
by Herzberg in General Reference 11.2. 

The close analogy between electronic quantum numbers in atoms 
and those in diatomic molecules enables one to trace the ancestry ot 
diatomic quantum numbers to the atomic quantum numbers of the 
outer electrons in the two atoms of which the molecule is composed. 
Tliere are well-defined rules for this correlation, which lead not only 
to an understanding of the electronic quantum numbers in the mole¬ 
cule but also to at least a semiquantitative estimate of the locations 
of the various electronic energy levels. 

An important feature of the electronic energy levels in molecules 
is the dependence of the electronic energy on the distance between 
atoms. Figure 11.5 shows this dependence for two different elec¬ 
tronic states in a diatomic molecule. The curve for each state, 
called a 'potential cuwe or Morse curve^ shows the interatomic distance 
at which the electronic energy is a minimum (that is, the equilibrium 
distance r^) as well as the energy difference between this minimum 
and the limiting value reached by the electronic energy as the inter¬ 
atomic distance gets very large. This energy difference is the dis¬ 
sociation energy of the molecule. In addition, vibrational energy 
levels of the two electronic states are drawn roughly to scale on the 
curves. The two intersections of each vibrational level with the 
potential curve give the maximum and minimum values of r during 
the course of the vibration corresponding to that level. 

The two electronic energy levels shown in Fig. 11.5 are low-lying 
levels that would correspond to small values of n. The levels for 
higher values of n converge as n gets larger, just as do the levels in 
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atoms. This convergence appears experimentally in the form of 
Rydberg series in the vacuum ultraviolet absorption spectra of many 
molecules. The limit to these series is an ionization potential of the 
molecule, just as it is in atoms. 



Interatomic distance,r, 
in Angstrom units 

Fig. 11.5. Variation of electronic energy with interatomic distance in a diatomic 

molecule. 


The third kind of electrons in molecules consists of those which 
cannot be localized on a single atom or a pair of atoms. It is difficult 
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to assign quantum numbers (except for spin) to this kind of electron, 
since the meaning of the quantum numbers varies from one molecule 
to another as the geometrical form and number of atoms in the mole¬ 
cule change. A common practice of molecular spectroscopists^* ^ is 
therefore to assign a term symbol to each energy level arising from a 
collection of such ele(;trons in a molecule without attempting to 
evaluate the quantum mimbers for the individual electrons. These 
term symbols are useful in the evaluation of selection rules for transi¬ 
tions betv/ecn the various levels and serve as a description of the dis¬ 
tribution of electrons of this kind in the molecule on the basis of the 
molecular geometry. Unfortunately, it is not feasible to interpret 
these term symbols by means of the conventional structural formulas 
of the organic chemist, or by means of Lewis^ "‘dot structures/’ and 
we must refer the interested reader to the articles just cited for further 
information. It can be stated in general, however, that electrons of 
this kind have much smaller energies than the other two kinds and 
therefore give rise to speettra in the near ultraviolet, the visible and 
even the near infrared. 

The best examples of the third type of electrons are found in 
molecules possessing what the organic chemist terms conjugated 
doable bonds. Each atom in the conjugated chain of atoms contrib¬ 
utes one such electron to the mole(!ule’s collection, but these electrons 
mav be regarded as belonging collectively to all the atoms in the chain 
rather than to a particular atom. The energy levels associated with 
suc‘h electrons are characterized by relatively low energy and Ijy 
small and rather regular separations from each other. It has long 
been recognized that these levels are of great im})ortance with respect 
to both the chemical ]>roperties and the visible and ultraviolet absorj)- 
tion spectra of the molecule. They are highly characteristic of the 
geometrical configuration of the molecule, and of the number and 
kind of double bonds in the conjugated chain. 

An important empirical statement concerning electronic energy 
levels in molecules is that the energies of electrons in small groups 
of atoms are often influenced very little by the attachment of neigh¬ 
boring groups of atoms of varying kinds. This concept was first 
advanced by dye chemists, who noted that certain groups of atoms 

iR. S. Mulliken. Jour, Chem. Phy,u 7, HI (1939). 

2 See General Reference ll.d, page 77 jf. 

^ See, for example, L. Pauling, Nature of the Chemical Bond, page 5 of 2d ed., Cornell: 
Press, Ithaca, 1944. 
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in an organic compound cause characteristic absorption of visible 
light irrespective of the nature of the rest of the compound. Such 
groups are called chrorriophores, that is, color carriers, but they are 
not by any means limited to groups absorbing in the visible region 
of the spectrum. 

A.S an example of a chromophore, one may consider the benzene 
ring. The first excited electronic level in benzene lies some 38,000 
cra“^ above the ground state, giving rise to absorption at about 
"2050 A in the ultraviolet. Many compounds containing the benzene 
ring, such as alkyl benzenes and the halobenzenes, show absorption 
very close to this wavelength. Certain other derivatives show the 
absorption but at somewhat altered wa^"elengths (about ^950 A in 
the case of aniline). When a substituent grou}), such as the amino 
group in aniline, has a noteworthy effect on the wavelength at which 
absorption occurs, it is called an auxochrome. In the special case 
that the change in wavelength is to longer wavelengths, that is, to 
lower frequencies, the group is called bathochromic or color-lowering, 
the lowering referring of course to the frequency and not to the inten¬ 
sity of the color. The distinction between a chromophore and an 
auxochrome begins to lose significance when the effect of the auxo- 
chrome is so large that the characteristics of the chromophore are 
altered greatly, as when an auxochromic group can conjugate with 
a chromophore to lengthen a conjugated chain. In such a case the 
lengthened conjugated system is more properly regarded as a new 
•chromophore in its own right. 

A (.‘hromophore can absorb light by virtue of transitions between 
electronic levels either of the two-atom kind or the many-atom kind. 
An example of the two-atom kind is the carbonyl group as found in 
aliphatic ketones and aldehydes. This chromophore has a charac¬ 
teristic absorption at approximately 2800 A which is associated with 
a transition between two electronic levels associated with the car¬ 
bonyl group alone, as is shown by comparison of the spectra of 
formaldehyde, higher aldehydes, and aliphatic ketones. The benzene 
nucleus cited above is an example of a many-atom chromophore. A 
more striking example is the porphyrin ring system found, with 
assorted auxochromic substituents, in many natural pigments such 
as hemin and chlorophyll. 

In Table 11.3 are listed some chromophoric groups whose absorp¬ 
tion lies between 1700 and 6000 A. The columns marked X^ax and 
log e give, respectively, the longest wavelength at which an absorption 
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maximum occurs in the spectrum of the chromophore and the com¬ 
mon logarithm of the molar extinction coefficient e at that maximum 
(e is defined in § 14.^). The values of Xmax and log e are approximate. 
They vary somewhat from compound to compound having the same 
chromophore and change also with state of aggregation, temperature, 
solvent, molecular geometry, and other factors. 


TAHLE 11.3 

ChHOMOPHOKH- (Juocps 


('hroinophore 

Xmax 

€ 

Chromophore 

^max 

log € 

(w: 

1900 

3.r> 


3700 

1.7 

((W), 

2200 

4.2 

~~0N02 

2700 

1.2 

((•--<0. 

2000 

4.0 

Rings; 




2900 

4.8 

Phenyl- 

2700 

2.4 

( 

ISOO ! 

<2 

I*yndyl- 

2000 

3.2 

~(OOH 

21(K) 

1.0 

Naphthyl- 

3100 

2.4 

('OML 

2100 

2.2 

Cydopenta- 






<liene 

2440 

3.4 

(:=-N 

1900 

3.7 

Pyrrole 

2400 

2.4 

CsN 

1700 

<2 

Pyrimidine 

2450 

3.5 

r-=() 

2800 

1.3 

Quinoline 

3100 

3.8 


3300 

1.0 

Anthracene 

3800 

2.8 

N---N 

3700 

1.2 




N-4) 

0000 

1.3 




—NO 2 

2700 

1.2 





For each chromophore only those atoms are listed which share 
the electrons responsible for the absorption. Other atoms or groups 
such as hydrogen atoms and methyl groups are omitted because of 
their small effect on Xmax and log e. These omitted groups do not 
themselves absorb at wavelengths above <2000 A. Certain generaliza¬ 
tions of approximate validity can be used to extend the usefulness 
of Table 11.3: 

1. When two chromophores are joined by an aliphatic link (for 
example, —CH 2 —) their absorptions are additive; for example, log e 
for two identical chromophores is 0.3 larger than log e for one. 
When two chromophores are attached directly, they form a new 
chromophore whose absorption does not usually resemble that of 
either. 

2. The addition of a C=C link to a conjugated chain increases 
Xmax by roughly 300 A and log e by about 0.3; the replacement of 
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C==C in a chromophore by C = C does not greatly affect either 
^max or log €. 

The reader will find extensive tables of chromophores and auxo- 
chroines, together with a comprehensive bibliography, in General 
Reference 11,1. More detailed discussion of electronic energy level*, 
in diatomic molecules is given by General Reference 11.^, and in 
polyatomic molecules by General Reference 11.6. 

MOLECULAR SELECTION RULES AND THE 
APPEARANCE OF MOLECULAR SPECTRA 

In even the simplest molecules, the rich collection of energy levels 
associated with the electronic, vibrational and rotational degrees of 
freedom leads to a highly complicates! spectrum. Fortunately, the 
levels can be disentangled to a considerable extent, and the inlerpreta- 
lion of molecular spectra is facilitated by the consequent possibility 
of considering electronic, vibrational, and rotational transitions more 
or less separately. This division does not mean that the three types 
of transitions do not occur simultaneously but only that transitions 
of one kind have relatively small effects on the energy levels of the 
other kinds. The spectra associated with the three types are con¬ 
sidered briefly, 

11.4. Pure Rotational Spectra. Equation (11.3) shows that the 
rotational energy of linear (including diatomic) and spherical-top 
molecules depends only on a single quantum number J, which can 
have any integral value. The selection rules for this quantum num¬ 
ber in pure rotational spectra, that is, spectra in which no vibrational 
or electronic energy changes occur, are as follows: 

AJ = 0 for molecules that do not have a permanent electric dipole 
moment.* 

AJ = rbl for molecules tliat have a permanent electric dipole 
moment. 

These rules mean that molecules which have no permanent dipole 
moment cannot have a pure rotational spectrum. Examples of such 
molecules are all symmetrical linear molecules (H 2 , O 2 , N 2 , CO 2 , 
C 2 H 2 , and so on) and all spherical-top molecules (CH4, UF#, and the 

* A molecule has a permanent electric dipole moment if on the average its center of 
negative charge does not coincide with its center of positive charge. 
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like). Unsymmetrical linear molecules (CO, HCl, HCN, N 2 O), on 
the other hand, show a pure rotational spectrum, the appearance of 
which is determined by the energy levels (Fig. 11.2), the selection 
rule AJ = ztl, and the number of molecules populating each level. 
The last factor depends on the temperature of the molecules; the 
higher the temperature, the greater the relative populations of the 
higher levels [compare Eq. (10.20)]. The combination of Eq. (11.3) 
with the selection rule AJ = dbl leads to the relationship 

er = 2JB (11.7) 

where cr is the wave number in cra“^ of a line in the pure rotational 
spectrum for which the upper energy level has the quantum number J. 
Since this J can have only integral values from 1 to 00 , the rotational 
lines occur at equal frequency intervals. The appearance of the 


Intensity 
of 

absorption 

0 !0 20 30 40 50 

cm"'_ 

Fig. 11.6. The pure rotational absorption spectrum of a linear molecule. 

resulting spectrum is shown schematically in Fig. 11.6, in which the 
height of the lines represents their relative intensity. The maximum 
in intensity occurs at the J value that corresponds to the most highly 
populated initial level and thus depends on external conditions (the 
temperature) as well as on the rotational energy levels of the molecule 
itself. 

The rotational line spectrum shown in Fig. 11.6 can in principle 
be either an emission or an absorption spectrum. However, such 
spectra are usually observed in absorption because of the wavelength 
region in which they occur.* Since the constant B is inversely pro¬ 
portional to the moment of inertia, the larger the molecule, the lower 
the wave number at which the absorption takes place. In practice, 
the absorption maximum seldom occurs above 100 cm~S which 

* The pure rotational Raman effect of a few molecules has been studied. The 
selection rules are different in this case; in particular, a permanent electric dipole 
moment is not necessary for the effect. 
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means that the wavelength region is usually longer than 100 y.. Pure 
rotational spectra thus lie very far in the infrared—so far, in fact, 
that few have been observed. Recently, however, the pure rotational 
absorption of numerous molecules has been measured in the “micro- 
wave” region of the spectrum, for which X is approximately 10,000 y, 
or 1 cm, and a is I cm“h The technique of microwave spectroscopy 
is outside the scope of this book, but certainly the spectroscopist can 
expect much from this field of research. Because of its development, 
the importance of pure rotational spectra has been greatly increased. 

The energy-level scheme for a symmetrical-top rotator is more 
complicated (Fig. 11.2) than that of a linear rotator, but the nature 
of the selection rules simplifies the actual spectrum considerably. 
The rules for AJ are the same as before, and in addition AK = 0. 
Hence symmetrical top molecules that do not have a permanent 
electric dipole moment do not exhibit pure rotational absorption, 
whereas those with a dipole moment have a si>ectruni as giv^en by 
Eq. (11.7), similar to that shown in Fig. 11.6. Since neither the 
energy-level pattern nor selection rules for asymmetrical top rotators 
can be expressed in general terms, little can be said about the appear¬ 
ance of the spectrum of such molecules without explicit knowledge 
of the moments of inertia and the electric dipole moment. The 
spectrum is ordinarily quite irregular and complex. For details the 
reader may consult Chapter I of General Reference 11.3. 

Finally, it should be recalled that the foregoing discussion is valid 
only for molecules in the vapor state, and that ordinarily molecules 
in solids and liquids cannot rotate freely; that is, they have no simjde 
set of rotational energy levels such as those summarized in Table 11.1. 

11.5. Vibrational Spectra. The wave-number range covered by 
molecular vibrations is approximately 100 to 5000 cm~"h which means 
that the wavelength range is 2 to 100 y. The experimental study 
of vibrational spectra is carried out by means of infrared absorption 
spectra in this spectral region, and in the visible region of the spectrum 
by means of the Raman effect (Chapter 18). Most infrared studies 
are made with prism spectrometers, on which type of instrument the 
practical upper wavelength limit is 25 y, or low wave-number limit 
of 400 cm^h By means of the Raman effect, however, much lower 
wave numbers—50 cm""^ or even less—are observable. 

Although the vibrational energy-level pattern given by Eq. (11.6) 
is very complex, the equal spacings of the levels associated with each 
frequency, and the selection rules, combine to simplify the vibrational 
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spectrum. The selection rules restrict the changes in the SN — ^ 
quantum numbers Vi as follows: 

1. Only one of the quantum numbers Vi can change during a transi¬ 
tion between vibrational levels caused by the emission or absorption 
of radiation. 

2. This change, At?, is +1 or —1. 

3. For certain vibrations. A?; must always be zero. 

These rules lead to the result that each frequency observed in the 
spectrum is identical with the frequency of one of the molecular 
vibrations. However, the complete set of molecular frequencies will 
not necessarily appear in the spectrum, because those vibrations to 
which the selection rule At? = 0 always applies will not be observed. 
The geometrical form of the molecule determines the number of 
vibrations of this kind. In the infrared spectrum, Av is always zero 
for vibrations during which the electric dipole moment remains 
unchanged. For example, in b and d of Fig. 11.3 the vibrations 
marked (1) have Av = 0 and therefore do not appear in infrared 
absorption. In the Raman effect, the vibrations that do not change 
the molecular refractivity have Av = 0. Examples in Fig. 11.3 are 
(b) 2, 3, and 4, and (d), 4. 

Since the geometrical form—often called the symmetry —of a 
molecule is definitive for the vibrational selection rules, the classifica¬ 
tion of the vibrations of a molecule according to their symmetry is a 
necessary preliminary to a determination of their occurrence in their 
spectrum, or spectroscopic activity. Once this classification has been 
made, it is possible solely on the basis of symmetry to say how many 
of the SN — 6 vibrations will appear in both the infrared and the 
Raman spectra, how many will appear in one and not the other, and 
how many will be forbidden to appear in either. Conversely, if the 
infrared and Raman spectra are known and the molecular symmetry 
is not, the latter may be inferred from the spectra with the help of 
the selection rules. 

Tables by means of which the vibrations of molecules may be 
classified and their spectroscopic activity determined have been 
worked out for all the various likely symmetries (see, for example. 
General Reference 11.3, Tables 35, 36, and 55). Two examples of the 
sort of conclusions which can be drawn from such Tables are as follows: 

1. A molecule that contains a center of symmetry (for example, the 
linear molecule ABA in Fig. 11.3b) will never have the same vibration 
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active in both infrared and Raman spectra. A corollary of this rule 
says that symmetrical diatomic molecules (H 2 , O 2 , and the like) 
cannot absorb infrared radiation by vibrational transitions; that is, 
they will have no vibrational spectrum, just as they have no })ure 
rotational spectrum. 

2, A fundamental frequency in the Raman effect which is found 
to be polarized arises from a vibration which is totally symmetrical, 
that is, during the course of which the symmetry of the molecule does 
not change (examples: all the vibrations (1) in Fig. 11.3). 

The vibrational selection rules on which the above discussion is 
based are ample to explain the chief features of vibrational spectra, 
but they must be modified if the spt'ctra are to be interj)reted in detail. 
The rules are derived on the assumption that the vibrations are 
harmonic and that the molecules are in the vapor state, that is, free 
from the disturbing effects of close neighboring molecules. If these 
assumptions are not strictly justified, the selection rules must be 
altered. The chief effects are to allow more than one quantum 
number v to change during a transition between vibrational levels, 
and to permit Av to be 2 or even more. These alterations permit the 
appearance of so-called overtones and combination tones in the spec*- 
trum. Such overtones in general are of feeble intensity in com})arison 
with the fundamentals, the frequencies j>ermitted by the simph; 
selection rules. The Raman effect and infrared absorption differ 
markedly in this respect, however, the Raman effect showing stricter 
adherence to the simple rules. Overtones in the infrared spectra of 
gases in turn are weaker than those in the spectra of liejuids. For¬ 
tunately, the third selection rule, which excludes certain vibrations 
from infrared absorption or the Raman effect or both, is less affected 
by these disturbing influences. Again the Raman effecd adheres 
closely to the rules, as dc^es infrared absorf)tion in the vapor. Only 
in the infrared spectrum of liquids does one find significant deviation. 

11.6. Rotational Fine Structure in Vibrational Spectra. We have 
already noted that vibrational frequencies are from hundreds to 
many thousands of times larger than those of rotation. One result 
is that the frequency of a pure vibrational transition, in which only a 
vibrational quantum number changes, differs very little percentage¬ 
wise from that of the corresponding transition in which both vibra¬ 
tional and rotational quantum numbers change. In consequence, 
every pure vibrational transition is observed spectroscopically in the 
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immediate neighborhood of a collection of vibrational-rotational 
transitions. The various members of the collection differ only in 
the rotational quantum numbers involved, and the collection is called 
a vibration-rotation band. 

The positions of the rotational lines in such a band for a diatomic 
molecule are given to a fair approximation by an expression similar 
to Eq. (11.7): 

a = (Tvib ± ^JB (11.8) 

in which (Tvib is the wave number in cm*^ corresponding to the pure 

vibrational transition, and J takes the values U 2, 3. The near 

infrared vibration-rotation absorption band of hydrogen chloride gas, 
t'ig. 11.7a, illustrates the structure of such a band. The left-hand 
side of this band, called the P-branch, is given by Eq. (11.8) with 
the minus sign, corresponding to the selection rule A J = —1; and 
the right-hand side, the P-branch by the plus sign (A,/ = -j-1). Each 
numerical value of J in E(j. (11.8) refers to the higher of the two 
rotational quantum numbers involved in the transition, as it does 
in Eq. (11.7). This statement means, however, that the J value is 
that of the initial rotational energy level for the P branch, and that 
of the,^Via/ rotational energy level for the R branch. 

It will be noted that Eq. (11.8), with J restricted to integers higher 
than zero, giv^es no wave number corresponding to the pure o-vib* This 
limitation, a consequence of the selection rule A./ == zbl, results in 
a gap in the center of the vibration-rotation band. The center of 
this gap is the wave number ervu, [compare (a) in Fig. 11.7]. Such a 
gap always appears in the infrared vibration-rotation absorption 
bands of diatomic molecules and in certain of the bands of linear 
polyatomic molecules. It always appears when the dipole moment 
of the molecule vibrates parallel to the molecular line, which is the 
only way the moment can vibrate in a diatomic molecule. Bands 
with the central gap are called parallel bands. 

In certain of the vibrations of linear polyatomic molecules, such as 
No. 3 in Fig. 11.3b, the dipole moment vibrates in a direction per¬ 
pendicular to the molecular line. The rotational selection rule is 
then AJ = 0, zhl. As a result, the P and R branches are joined by 
a third, the Q branch, for which AJ = 0. Since there is no change 
in rotational energy when J does not change, the various members 
of the Q branch all have the same frequency, which is that of the pure 
vibration. Hence the Q branch occurs in the center of the band. 
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Such a band, with P, Q, and R branches, is termed a perpendicular 
hand and is illustrated in Fig. 11.7b. 

Although few molecules have such simple vibration-rotation band 
structures as those shown in Figs. 11.7a and 11.7b, these can serve 
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Fig. 11.7. Typical vibration-rotation bands in infrared absorption. 

as a basis for a consideration of what happens to the appearance of 
the band structures when various complications are introduced. 
Some of the complications are 

(a) Complex eaergy-level systems of symmetrical and. asymmet¬ 
rical tops. 
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(b) Large moments of inertia that lead to unresolvable continuous 
bands. 

(c) Smearing out of rotational levels in liquid and soli<l phases. 

(d) (yhanges in the energy-level system produced by the mechan¬ 
ical interactions between rotation and vibration and by centrifugal 
distortion of the molecule. 

In Fig. 11.7 the gross effects of these various complications are 
illustrated. Figure 11.7e shows a complex band in the spectrum of 
water vapor, whose molecule is an asymmetric top. It will be noted 
that the regularities present in the bands of the linear molecules have 
disappeared. Figure 11,7c shows a band for a molecule (benzene) 
whose moments of inertia are all so large that resolution of the lines 
associated with individual rotational transitions is impossible. This 
limitation results, as we have seen in Eq. (11.3), from the fact that 
the spacing of the rotational levels is inversely proportional to the 
moments of inertia. Tlie rotational band in such a case is simply the 
‘‘(‘nvelope” of unresolved lines. Even this envelope is smeared out, 
however, if the molecular rotation is hampered or eliminated by 
condensation of the vapor to a liquid or solid. The same vibrational 
})and as observed in the liquid state is shown in Fig. 11.7d. The 
com[)licatioris introduced into the rotational energy-level scheme by 
(‘entrifugal distortion of the molecule or by vibration-rotation inter¬ 
action are important tor the precise interpretation of the spectra but 
are beyond the scope of this brief account.* 

Finally, it should be mentioned that the Raman effect could, in 
principle, be used as well as infrared absorption for the study of the 
rotational structure of vibration-rotation bands. In practice, it is 
almost never so used because of the difficulty, discussed in Chapter 18, 
of obtaining the Raman spectra of gases. The rotational structure of 
Raman lines in the liquid state is suppressed to about the same 
extent as that of the infrared absorption band for liquid benzene 
shown in Fig. 11.7d. 

1L7. Electronic Spectra of Diatomic Molecules. These spectra 
arise from transitions during which quantum numbers associated with 
electronic, vibrational, and rotational energy levels all change. The 
region where such spectra are found, which may be anywhere from 
the vacuum ultraviolet to the near infrared, is determined by the 
electronic levels. The changes in vibrational and rotational quantum 


See, for example, Chapter IV of General Reference 11.3. 
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numbers introduce a fine structure (analogous to the rotational fine 
structure of vibrational bands) from which the name band spectra 
is derived. 

The electronic quantum numbers described in § 11.3 are subject 
to selection rules similar to atomic selection rules [Eqs. (10.19)]: 
the total electron spin S does not change during a transition {AS = 0), 
and the angular momentum projection A may change by only one unit 
or not at all (AA = 0, dbl). Complications are introduced, however, 
because the angular momentum of molecular rotation can couple with 
the electronic spin and orbital angular momenta (compare Russell- 
Saunders coupling in atoms—§ 10.6, footnote). This coupling can 
take place in various ways which are beyond the scope of our discus¬ 
sion but which give rise to various additional selection rules. Regard¬ 
less of these additional rules, however, the general statement can be 
made that the total molecular angular momentum—spin, orbit and 
rotation—must change by one unit or not at all. 

11.8. Vibrational Structure of Diatomic Spectra. The vibrational 
selection rules are much more diverse than those for vibration-rotation 
spectra (§ 11.6) because of the entirely different basis on which they 
are determined. This diversity stems from the relative sluggishness 
with which atomic nuclei move in a molecular vibration compared to 
the speed of electrons in their orbits. The latter speed is of the order 
of 10^ cm sec, whereas the velocity that vibrating nuclei reach is 
at most one-hundredth of this value and usually is much smaller still. 
In making a transition from one orbit to another, an electron travels 
a distance of approximately 10 ® cm and therefore will require only 
about 10~^^ sec for the switch. During so short an interval, the 
vibrating nuclei will travel less than cm, that is, less than one- 
hundredth of the internuclear distance. 

Since the internuclear distance changes by less than 1 per cent, 
for all practical purposes it remains fixed during the electronic transi¬ 
tion. Hence the molecule will go from one electronic level to another 
without variation of r in Fig. 11.5. If the value of r initially is 
the molecule being in the ground electronic state and not vibrating 
(t;" = 0), absorption of radiation will carry the molecule to an upper 
level (point A on the upper curve in Fig. 11.5) without change in r.* 
In the upper state, however, the internuclear separation no longer 
is an equilibrium separation. To restore equilibrium, the molecule 

* It is standard usage to designate upper state quantities with a single prime and 
lower state quantities with a double prime. 
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in the upper level moves from r/' (point A) to r/ (point B), picking 
up linear momentum as it does so. This momentum, however, carries 
it past r«' to a point of potential energy equal to that at point A, that 
is, to point C. Point C is not a position of equilibrium, so thtat the 
molecule moves toward r/ again, and again picks up momentum, 
which carries it back to re" (point A). The whole cycle is then re¬ 
peated; that is, the molecule vibrates between points A and C, 
This amplitude of vibration corresponds to v' = 2. Hence the 
change, Av, on going from the lower curve (d" = 0) to the upper 
(r' = 2) is +2. 

If the vertical ordinate through had intersected the upper curve 
at some other level, say r" = 5, Av would have been +5. In actual 
molecules, the value of Av is not restricted sharply to any one value 
but can have a range of values, a few of which are much more likely 
than others. The most probable values correspond to the most 




Fig. 11.8. Band progression in the electronic spectrum of the 
nitrogen molecule N 2 . 

intense bands in the spectrum. This method of determining Av in 
diatomic electronic spectra is called the Franck-Coridon principled ^ 
The collection of vibrational bands associated with a given elec¬ 
tronic transition is called a band system. In the analysis of such a 
collection with respect to the values of v' and t;" for each band, it is 
frequently possible to assign a regular series of bands to a single value 
of v' and to successive values of v", or vice versa. Such a regular 
series, called a progression, is illustrated in Fig. 11.8 for the molecule 
N 2 . Another kind of regularity occurs when two Morse curves 
(Fig. 11.5) are related in such a way that Av is a constant regardless 
of the values of v' and Groups of bands with the same value of 
Av then occur together and are called sequences. 

With the help of Fig. 11.5 it can be seen that the value of Av may 
be quite different for transitions beginning on the upper curve from 
its value for those beginning on the lower. If we assume a non- 

* J. Franck, Trans, Farad. Soc.. 21, 536 (1926). 

V. (Won, Phys. Rev., 23, 1182 (1926); 32, 858 (1928). 
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vibrating molecule in the upper state {v' = 0), the internuclear sep¬ 
aration before transition will be and tlicrefore the transition will 
take the molecule from point B to the intersection of the ordinate rj 
with the lowxT curve> or to point X, This transition has A?’ = —3 
(or —4) rather than +2 as before.* Hence the energy change asso¬ 
ciated with the transition is quite different, and the emitted band 
will occur in the spectrum at some considerable distance from the 
absorption band Ai? = +2- This is simply another way of saying 
that the emission-band spectrum of a molecule and its absorptiour 
band spectrum can be, and experimentally often are, quite different 
in appearance. Part of the difference, it should be added, comes 
from the diversity of vibrational excitation imparted by the elec¬ 
trical discharge or high-temperature flame required to excite the 
emission spectrum. 

A valuable by-product of the vibrational analysis of diatomic 
spectra is the possibility of tracing the vibrational levels of the ground 
state to such large quantum numbers that the amplitude of vibration 
corresponds almost to dissociation of the molecule. When this 
tracing can be done, as is often the case, the energy of dissociation 
(A/' in Fig. 11.5) can be measured directly and accurately. Indeed, 
the most accurately known heats of dissociation, such as Ho and the 
halogens, have been determined in this way. However, when the 
dissociation energy is very large, as in N 2 and CO, it may prove 
diflScult to follow the usual procedures because of the tremendous 
spectral range involved. This difficulty has given rise to considerable 
controversy over the interpretation of the spectra of N 2 and CO. 

11.9. Rotational Fine Structure of an Electronic-Vibrational Band. 
Each electronic-vibrational transition of the sort just described gives 
rise to a single band of which numerous examples can be seen in 
Fig. 11.8. Accompanying the transition is a set of rotational energy 
changes that give the band its fine structure just as in the case of the 
vibrational-rotational bands depicted in Fig. 11.7. The rotational 
selection rules in the two cases are quite similar: A/ = 0, dz 1 except 
when the electronic transition takes place between two levels, for 
which case A/ = ±1. These two rules result in perpendicular and 
parallel bands, respectively. 

The basic difference between the rotational structure of electronic 
bands and that of vibrational bands arises from the fact that the 


By definition, Av ~ v' — v". 
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moment of inertia of a diatomic molecule changes little in passing 
from one vibrational level to another in the same electronic state but 
changes considerably (sometimes as much as a factor of 9) when the 
electronic state changes. Therefore the spacing of the rotational 
levels differs markedly in the two electronic states. It is usually, 
though not always, smaller in the upper electronic level, corresponding 
to a larger moment of inertia, because a higher electronic state usually 
has weaker binding between the two atoms, and hence a larger inter- 
nuclear distance. 

* An expression for the P, ^ branches of an electronic- 

vibrational band analogous to Eq. (11.8) can be derived from the 
above selection rules and Eq. (11.3) applied to the two electronic- 
vibrational levels: 

cr = (Tel-vlbi (/?' zb B'O*/ + (P' “ (11.9) 

This expression gives the wave numbers in cm“^ of the rotational lines 
in the P branch if the first minus sign and the second plus sign are 
taken. The Q-branch formula results if the first plus sign and the 
second minus are used, whereas the R branch is given by the first and 
second plus signs. J takes the values 1, 2, 3, ... , but as before 
(§ 11.6) the significance of J differs for each branch. In the P branch 
the J value is that in the lower electronic level; in the R branch it is 
that in the upper electronic level; and in the Q branch the two are 
of course the same, since AJ = 0. The reason for starting J at one 
instead of zero for the Q branch lies in the coupling between rotation 
and electronic angular momentum which is always present in mole¬ 
cules giving rise to perpendicular bands. It will be noted that 
Eq. (11.9) reduces to the form of Eq. (11.8) when P' = P", that is, 
when the moments of inertia are the same in both upper and lower 
states. 

The presence of the term in Eq. (11.9) has the result that, for 
high enough J values, all three branches lie on the same side of 
o'ei-vib* Since P' is usually smaller than P" (that is, Ih > /&")» this 
side is the low-frequency side. The lines of highest J are always very 
weak, which means that the three branches ordinarily fade out 
towards the red end of the spectrum from crei-vib* Such bands are 
said to degrade toward the red. On the violet side of dei-vib there is 
a frequency of maximum value that occurs in the R branch shortly 
before the term overtakes the J term of opposite sign. This 
maximum frequency, which depends on the magnitude of the differ- 
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ence between B' and /?", is called the band head and is clearly to be 
distinguished from <Tei-vib» which is called the baml origin. Experi¬ 
mentally, the band head is more prominent and can be measured 
directly. The band origin, on the other hand, has to be determined 
by analysis of the rotational branches. 

The foregoing discussion is illustrated in Fig. 11.9, which shows 
the structure of two bands degraded toward the red. When B' is 
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Fig. 11.9. The rotational fine structure of diatomic bands. 


larger than B'\ the above discussion needs to he changed by replacing 
“low-frequency” by ‘‘high-frequency,” “red” by “violet” and vice 
versa, “maximum” by “minimum,” and “/? branch” by “P branch. ’ 
The several members of the P, Q, and R branches vary in intensity 
in much the same way as they do in vibration-rotation bands (Fig. 
11.7), the most intense lines corresponding to those originating from 
the most highly populated rotational levels. Since the population 
factor is given by an expression of the form of Eq. (10.20), in which 
all quantities except the temperature T are either known or obtainable 
from the spectrum, a measurement of intensity distribution among 
the various branches can be used to determine P. In this way the 
effective temperatures of molecules in flames and electrical discharges. 
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which might be difficult to measure by other means, can be deter- 
mined with reasonable accuracy. 

The rotational fine structure can be made to yield information 
about the moments of inertia of the molecule in the upper and lower 
electronic states, and hence, if the identity of the molecule is known, 
about the internuclear distances in the two states. There are two 
ways in which this information can be obtained, to both of which an 
assignment of the various rotational lines to their initial and final 
levels is prerequisite. Once this assignment has been accomplished, 
the first method proceeds by working out an empirical quadratic 
formula relating the observed frequencies of various lines to their 
J numbers. The coeflScient of the J term is numerically equal to 
IV + B'\ and the coefficient of the J'-ierm is equal to B' — B", in 
accordance with Eq. (11.9) for the P and It branches. Hence B' 
and B" can be evaluated from these coefficients. 

The other and more commonly followed procedure consists of 
finding the energy difference between the individual rotational levels 
by taking the difference between appropriate lines in the band. For 
example, the difference between the eighth and ninth rotational levels 
in the ground state is the difference between the Q-branch transition 
J' = 9 J" = 9 and the B-branch transition ,/' = 9 J" = 8. 
From such energy differences the constants B' and B" can be ob~ 
taine<l, along with additional information such as the effect of 
centrifugal force on the internuclear distance. 

The foregoing discussion applies to diatomic molecules in the 
vapor phase. As soon as most molecules arc condensed to liquids 
or solids, the previously mentioned complications ensue. The rota¬ 
tional energy levels are “smeared out” by the collisions and by the 
strong electric fields of closely packed molecules. Accordingly, dia¬ 
tomic spectra are studied almost exclusively in the vapor state. For 
a comprehensive discussion of the manifold details of diatomic 
spectra, the reader is referred to General Reference 11.2. 

11.10. Electronic Spectra of Polyatomic Molecules. It can 
readily be seen from the foregoing simplified account of the main 
features of the electronic spectra of diatomic molecules that even 
the simplest polyatomic molecule should have a still richer electronic 
spectrum. The electronic energy levels can be much more com¬ 
plicated (especially in molecules with conjugated double bonds), 
there are 3iV — 6 vibrational degrees of freedom, and there are three 
moments of inertia, usually all different. It is not surprising, then. 
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that few polyatomic spectra have been thoroughly analyzed. There 
is much active work in this field, however, and extensive experimental 
as well as theoretical progress is being made. 

There is, to be sure, a vast literature (see Chapter 14) of visible 
and ultraviolet absorption spectra of polyatomic molecules of all 
kinds. Most of this material, however, was obtained on molecules 
dissolved in some relatively transparent solvent, and by means of 
spectrographs of low resolving power. In consequence, even the 
coarsest features of the spectra are usually “washed out,” and only 
rather broad generalizations, of the sort incorporated in Table 11.3, 
have been possible from the data. It seems probable that this state 
of affairs will improve markedly by progress along these lines: 

1. Investigation of more and more molecules in the vapor state, 
at low pressures but with long optical paths, with spectrographs of 
high dispersion. 

2. Study of spectra over wide temperature ranges, and especially 
at very low temperatures. 

3. Extension of the study of spectra to shorter wavelengths. 

4. Improvement of means of excitation of f)olyatomic spectra, so 
that emission spectra as well as absorption and fluorescence spectra 
can be used in the study of the upper electronic levels. 

It was indicated in § 11.3 that it is difiScult to assign quantum 
numbers to individual electrons in most polyatomic molecules, and 
that instead the over-all distribution of the electrons with respect 
to the various atomic nuclei is described by a term symbol. These 
term symbols carry the multiplicity {2S + 1) as a superscript, just 
as in atomic and diatomic term symbols, but the remainder of the 
symbol indicates simply the geometry of the over-all electron dis¬ 
tribution in the molecule. The usefulness of such symbols lies in 
the fact that selection rules can be expressed in terms of them, and, 
in turn, observed spectra can be interpreted with the help of the 
selection rules to give the symbols for the various observed states. 
A complete discussion of these symbols and the associated selection 
rules can be found in General Reference 11.6. The only one of these 
rules we will mention is the one already given for atoms and diatomic 
molecules: AS = 0. 

11.11. Vibrational Structure of Electronic Spectra in Polyatomic 
Molecules* The vibrational selection rules in polyatomic electronic 
spectra are based on an extension of the Franck-Condon principle. 
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To a first approximation the result of this extension is the rule that 
the only vibrations for which Av differs from zero are the totally symmetri¬ 
cal vibrations [compare §§11.^ and 11.5 and vibrations marked (1) 
in Fig. 11.3]. For these vibrations the most likely values of Av are 
determined, as for diatomic molecules, by the relative interatomic 
distances in the upper and lower electronic states. This rule is of 
first importance for the interpretation of the spectra of highly sym¬ 
metrical molecules, in which the number of totally symmetrical 
vibrations is small, because it sweepingly simplifies the vibrational 
pattern in the spectrum. 

In the benzene molecule, for example, there are 30 vibrational de¬ 
grees of freedom, with 20 distinct frer|uencies. Only two of these are 
totally symmetrical, one of which is a pulsation or “breathing ’ of the 
ring and the other a vibration of the hydrogens. In the first excited 
electronic state of benzene, the ring size is slightly larger than in the 
ground state, but the carbon-hydrogen distance is practically the 
same. As a result, the most probable Ar’s for the totally symmetrical 
ring vibration are 2 and 3, whereas Av = 0, 1 and 4, 5, 6, . . . are less 
probable but still permitted. The Av for the hydrogen vibration, on 
the other hand, is zero. In consequence, the most prominent feature 
of the absorf)tion sf)eetrum of benzene is a simple progression of evenly 
spaced bands that resemldes roughly a progression of diatomic bands 
because only one vibration is involved. The ultraviolet absorj)tion 
spectrum of benzene in solution is given in Fig. 11.10a, along with the 
more complicated vapor spectrum of Fig. 11.10b. The absorption 
s{)ectrum of permanganate ion in aqueous solution is also shown in 
Fig. 11.10c. Presumably, this ion has only one totally symmetrical 
vibration, and therefore its electronic absorption shows a simplified 
vibrational structure because of the action of the Franck-Condon 
principle. 

It is apparent from the foregoing that the more complete our 
knowledge of the vibrational energy levels of a polyatomic molecule, 
the better our chance of making a satisfactory interpretation of the 
vibrational fine structure of its electronic spectrum. For this reason 
the results of infrared and Raman spectra are frequently an indispen¬ 
sable adjunct to the understanding of the data obtained in the visible 
and ultraviolet regions. 

11.12. Rotational Fine Structure in Electronic Spectra. The rota¬ 
tional fine structure of polyatomic electronic bands provides less 
information, generally speaking, than does that of diatomic bands. 
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because of the raiicli larger moments of inertia, the usually smaller 
fractional difference between the moments in one electronic state and 
another, and the complex patterns associated with the band struc- 
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Fig. 11.10. Vibrational fine structure of electronic spectra in polyatomic 
molecules, (a) The absorption spectrum of benzene in cyclohexane solution in 
the 2600 A region, (b) The absorption spectrum of benzene vapor in the 2600 A 
region, (c) The absorption spectrum of permanganate ion in the green region of 
the visible spectrum. 


tures for symmetrical and asymmetrical tops. These characteristics 
render the resolution of the rotational fine structure exceedingly 
difiScult for any but the smallest and lightest molecules. Naturally, 
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even for such molecules it is necessary to study the spectra in the 
vapor state and to keep the pressures as low as possible. Some 
progress has been made in the analysis of rotational fine structure in 
the ultraviolet spectra of carbon disulfide (linear rotator), formalde¬ 
hyde (quasi-symmetrical top), and nitrogen dioxide and sulfur 
dioxide (asymmetrical tops). 

The selection rules for the rotational fine structure are similar to 
those for the infrared, but several new features enter that make the 
transition possibilities more diverse. As for diatomic molecules, the 
moments of inertia may differ in the upper and lower electronic states, 
leading to fine-structure expressions like Eq. (11.9). In addition, 
however, all polyatomic rotators except asymmetrical tops have 
degenerate vibrations, such as (3) and (4) of Fig. 11.8b, whi(‘h can 
give rise to vibrational angular momentum. This angular momentum 
can eoui)le with the angular momentum of rotation in various ways, 
and it increases the comjjlexity both of the energy level scheme and 
of th(' transitions between levels. The possibility also exists that 
the actual geometrical structure of the molecule may be different in 
two electronic states; for instance, it may be a symmetrical top in 
the ground state and an asymmetrical top in an upper state. 

From the preceding statements it can be seen that for both the¬ 
oretical and experimental reasons the rotational structure will be 
difficult to observe and to analyze. For further details, the reader 
is referred to General Reference 11.6. 

11.13. The Effects of External Influences on Molecular Spectra. 
The external variables that affect molecular spectra are much the 
same as those which affe(‘t atomic? spectra (§ 10.7), but their relative 
importance is quite different. One reason is the difference in methods 
of excitation of atomic and of molecular spectra. The latter are 
studied more frequently in absorption than in emission, and are not 
often excited by arc and spark discharges. The high-voltage, high- 
frequency discharge, with or without electrodes in direct contact with 
the vapor being studied, is used for excitation of emission spectra, 
especially for small molecules. 

Fluorescence is of importance in the analysis of many molecular 
spectra. It is studied with a technique not greatly different from 
that used for the Raman effect (see Chapter 18). The chief require¬ 
ment is an intense source of sharply monochromatic radiation of a 
wavelength that corresponds to the energy difference between two 
electronic levels whose band systems are under investigation. The 
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correspondence need not be exact so long as the minimum energy 
required is av^ailable, grid it is usually better to have the exciting 
radiation corresj)ond to a combined electronic-vibrational transition 
for which the transition probability is higli. The spectrum obtained 
in fluorescence depends not only on the exciting wavelength but 
also on temperature and pressure, as indicated below. One limita¬ 
tion of fluorescence spectra (shared also by absorption spectra) exists 
because of the selection rule AS = 0. Siiu'e most molecules are in 
the ground state before excitation of fluorescence and since this state 
is usually a singlet, in general only singlet levels in the upper state can 
he studied by this means. 

Temperature. The effect of temperature on molecular spectra is 
of great importance. As we have already seen, the distribution of 
intensity among the rotational lines is strongly temperature-depend¬ 
ent. The same statement can be made for vibrational hands in 
electronic spectra. In ultraviolet absorption spectra, a temperature 
effect is noticed for both totally symmetrical and nontotally sym¬ 
metrical vibrations. The intensities of the former (‘hange as r" 
changes (see Fig. 11.5), because, for example, a totally symmetrical 
band for which t?" = 1 —» y' = 5 will grow in intensity if the number of 
molecules in the level ?/' = 1 increases. Nontotally symmetrical 
bands, for which Av = 0, will be affected similarly. The change in 
the appearance of the spen-trum is even more striking here because 
of the fact that in general v*' and v for a given vibration are dif¬ 
ferent, and therefore the bands due to transitions i?" = 0 —^ = 0, 

z;" = 1 —> ?/ = 1, = 2 —> = 2, and so on, occur at different 

places in the spectrum. The fine structure in between the tall peaks 
of the benzene vapor spectrum (Fig. 11.10b) is largely associated with 
different v'* values for nontotally symmetrical vibrations and shows a 
strong temperature variation in intensity. 

(Conversely, the quantitative variation of intensity with tempera¬ 
ture can frequently be the means for confirmation or rejection of the 
analysis of a band system. If an interpretation of the spectrum 
asserts that a given band or progression of bands arises from a 
vibration in the ground state with = 2 for a frequency of v'\ the 
assertion can be checked by comparison of the observed effect of 
temperature on band intensity with that calculated from Eq. (10.20). 
Moreover, it can be seen that the absorption spectrum will be con¬ 
siderably simplified if it is obtained from molecules with T near 0®K, 
because then all vibrations in the ground state have v" = 0, and 
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only totally symmetrical vibrations can give rise to transitions to 
upper vibrational levels with t?' different from zero. * 

Pressure. Tlie effects of pressure on inole(?ular sjKJctra are also 
somewhat more complex than those on atomic spectra (see § 10.7). 
The broadening of atomic lines by collisions, which of course increase 
in number with increase in i)ressure, has a molecular analogue. 
Atoms, however, can only exchange ejectronic and translational 
energy ui>on collision, whereas molecules in addition trade vibrational 
and rotational energies. It has been found, moreover, that it takes 
very many collisions (of the order of 10^ or more for each molecule) 
to establish a new balance among the various degrees of freedom once 
the old balance has t)ecn upset in some way. Hence the spectrum 
emitted by an assembly of molecules whose equilibrium has been 
disturbed during excitation will depend on the extent to which 
equilibrium has been restored prior to the emission of radiation. 

In the fluorescence of vapors, for example, the equilibrium among 
molecules may f>e upset by the exciting radiation, because the mole¬ 
cules are transferred to an upper state in which the molecmles have 
higher vibrational energy than their temperature warrants. If this 
extra vibrational energy can be given up to other degrees of freedom 
(vibrational as well as rotational and translational) before the mole¬ 
cule radiates (a time lag of about lO*"^ sec exists between excitation 
and reradiation), the emitted spectrum will correspond roughly to one 
in which all the values are zero or at most very small. This situa¬ 
tion obtains when the molecules are under relatively high pressure 
(say I to 10 atmospheres at room temperature), so that the requisite 
number of collisions can take place in sec. If the pressure is low 
(say 10"”^ atmosphere at room temjjerature), an insufficient number of 
collisions occurs before reradiation,t and the resulting spectrum 
contains bands for which the v' values are high (values given by the 
Franck-Condon principle for transitions from the vibrationless ground 
state) as well as low (in those molecules which have made suflScient 
collisions). The general result is that “high-pressure'’ fluorescence 
spectra are somewhat simpler, involving primarily the upper vibra¬ 
tional state in which all v' values are equal to zero, and show vibra¬ 
tional spacings corresponding to different i;" values. Low-pressure 

* To a more refined approximation, vibrations that are not totally symmetrical can 
have Av = 2 as well as Ar = 0, but these transitions are extremely weak. 

t If the lifetime of the excited state is longer than sec for some reason, the 
pressure values must be revised downward. 
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fluorescence (sometimes called resonance fluorescence) may be more 
complex, since it involves both upper state and ground state vibra¬ 
tions. 

Because the probabilities for allowed transitions between various 
levels in the same molecule may vary over a wide range, it is always 
valuable in the study of absorption s])e(*tra, both infrared and ultra¬ 
violet, to vary the number of moleeules in the absorbing path as 
much as possible. Inhere is no difficulty in making this number 
indefinitely small, but frequently vapor pressure furnishes an upper 
limit. Even when no limit is set by vapor pressure, increase in the 
number of molecules per unit volume by increasing pressure is not 
always desirable because of collision broadening. A solution to this 
problem can sometimes l)e made by simple increase in the path 
length of the radiation through the vapor. On occasion, to be suns 
the broadening produced by pressure may be useful, as for example 
when one wishes to measure directly the integrated intensity of an 
entire band,® or even band system, witliout resorting to the difficult 
and usually inaccurate procedure of measuring the intensity of each 
resolvable line and summing. 

Electric and Magnetic Fields, The effects of electri(‘ and magnetic 
fields are relatively unimportant in molecular spectra. The Stark 
effect is extremely small and cannot be observed in molecules with the 
usual spectrographio techniques. In the microwave region, however, 
the Stark effect on the pure rotational spectrum (§ 11.4) is readily 
observable and is frequently of u.se in the detection of weak lines, in 
the assignment of rotational quantum numbers, and in the measure¬ 
ment of permanent electric dipole moments. The Zeeman effect is 
usually small or missing altogether. Singlet electronic levels pre¬ 
dominate in molecules, and there is no need for the Zeeman effect as 
a means of series identification. Magnetic rotation spectra are some¬ 
times useful in the analysis of diatomic spectra.^ It also ap[)ears 
likely that the Zeeman effect on nuclear spins will be of value in the 
determination of such spins by means of molecular microwave spectra. 

Condensed Phases, One influence of first importance is that of the 
state of aggregation. It has been indicated several times in the fore¬ 
going discussion that change from the vai)or to a condensed state— 
liquid, solid, or solution—re.sults in considerable (change both in the 

* E. B. Wilson, Jr., and A. J. Wells, Jour. Chem. Phys,, 14, 578 (1946). 

^ See General Reference 11.8, page 729. 
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energy-level scheme and in the selection rules. The rotational levels 
are most drastically affected, since the close approach of neighboring 
molecules in condensed phases hinders or halts entirely molecular 
rotation. The vibrational levels are usually affected only slightly, 
but in certain vibrations—mainly those involving the binding of 
hydrogen to strongly negative atoms like fluorine, oxygen and 
nitrogen—^the difference in frequency between gas and liquid phases 
may be as much as 10 per cent. The effect on vibrational selection 
rules is more pronounced. Since the rules are based on molecular 
symmetry and since the random inter molecular forces can never 
increase the symmetry and usually destroy it, it may be expected 
that the rules are invalidated to a greater or lesser extent. This 
expectation is realized for infrared vibrational spectra (§ 11.5) but 
very slightly for Raman spectra. It is difficult to generalize concern¬ 
ing the effect on vibrational selection rules in electronic spectra. 
Certainly in many instances the rules do not seem to be drastically 
altered. 

The question of the effect of the condensed phases on electronic 
levels is a serious one because of the immense amount of ultraviolet 
and visible spectros(!opic data obtained on molecules in solution. The 
extent of the effect on the levels themselves of collisions and electric 
fields due to near neighbors must be clearly differentiated from solvent 
effe(*ts that actually alter the structure or composition of the mole- 
(*ule and are not proj>erly considered as “condensation” effects at all. 
True condensation effec ts seem to vary considerably with the nature 
of the molecule and its solvent but not so drastically as to prevent 
identification of levels in the vapor phase with those in the liquid. 
Hydrocarbon molecaales dissolved in hydrocarbon solvents show the 
least effect on energy levels, selection rules, and transition probabil¬ 
ities, whereas polar molecules dissolved in water or other highly 
polar solvents show the largest. On the other hand, a familiar but 
striking example of structural alteration of molecules in solution is 
provided by chemical indicators, whose color (related to the electronic 
energy scheme) changes drastically with change in concentration of 
hydrogen ion or other chemical substance. The subject of solvent 
effects on absorption spectra does not lend itself to sweeping general¬ 
ization, however, and it is impossible to summarize briefly and justly 
the results of the large amount of investigation in this field. 

11.14. Summary of Molecular Spectra. In order to summarize 
the results of the foregoing sections, the energy levels and transitions 
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responsible for the various kinds of molecular spectra are presented 
in one comparative diagram in Fig. 11.11. 
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CHAPTER 12 


The Measurement of Spectral Intensities 


Four principal means are available for the determination of 
intensities in spectra: 

1. The radiation may be absorbed on the blackened surface of a 
radiometric device, which uses the heating effect of the radiant 
energy to obtain an electrical or other readily measured signal. 

2. The radiation may actuate a photoelectric device of some sort. 
In such a device the electrical signal is produced by the direct conver¬ 
sion of the energy in the radiation rather than through its heating 
effect. 

3. The radiation may be permitted to fall on a photographic emul¬ 
sion for a controlled period of time. The density of the silver deposit 
produced in the emulsion on development can be made a measure 
of the total radiation. 

4. The radiation can be determined by the human eye. So severe 
are the limitations of the eye as a light-measuring device, however, 
that it is useful only for special types of photometry, some of which 
will be discussed in Chapter 14. 

These four methods are compared in Table 12.1. The significance 
of the columns in the table is as follows: Wavelength range means the 
spectral region over which the method can be used. Sensitivity 
(sometimes called responsivity) is the slope of the curve relating the 
response of the receiving device in each method to the radiant energy 
required to produce that response, whereas linearity refers to the 
closeness with which such a curve approaches a straight line. For 
many receivers this curve for radiation of one wavelength will differ 
from that for another wavelength. If the differences are negligibly 
small, the receiver has high neutrality; that is, it responds as well to 
one wavelength as to another. The cumulative property and the 
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'panoramic property are possessed to a significant extent only by the 
photographic emulsion. The former is the ability of the emulsion to 
respond to light of exceedingly low intensity by prolongation of the 
time of exposure. The panoramic property means that the photo¬ 
graphic emulsion can simultaneously register different beams of radia¬ 
tion on different parts of the plate or film. 

TABLE P2.1 

PmjpKKTIES OF VaRIOCS MeTHODS 
FOR THE Measurement of Spectrae lNTENSiTn:s 


Method 

Wavelength 

range 

Sen.^itivity 

Linearity 

Radiometric 

All wavelengths 

1a)w 

Excellent 

J*liotoelectric 

10-80,000 A 

High 

(*ood 

IMiotograpliic 

10-12,000 A 

nisi. 

Poor 

Visual 

1 

4000 -7500 A 

High 

Very poor 



Cumulative 

Panoramic 

Method 

Neutrality 

property 

property 

Radiometric 

Excellent 

None 

None 

I'hotoelectric 

Poor 

Fair 

None 

Photographic 

Poor 

(iood 

Excellent 

\’isual 

Poor 

None 

Limited 


It is apparent from a glance at Table 12.1 that no single method of 
radiation measurement is superior to the others. The most suitable 
one for a given purpose depends on the details of the spectroscopic 
procedure, the speed with which results must be obtained, and other 
factors. In this and the following chapter, the various methods are 
described, and the circumstances to which each is best suited are 
discussed. 


RADIOMETRY 

A radiometer is any device for the detection and measurement of 
radiant energy by means of its heating effect. Since the lieating 
effect is strictly proportional to the amount of the radiant energy 
which does the heating, accurate measurement of the heating gives 
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an accurate indication of the incident radiant energy if none is 
allowed to go astray, by reflection or otherwise. Therefore the 
radiometric method is usable for the measurement of radiation of any 
wavelength that can be effectively absorbed. Absorbing surfat*es can 
be made that are more or less uniformly black to radiation from the 
vacuum ultraviolet through the far infrared, and in consequence the 
radiometric method can be used throughout the entire optical range. 
At wavelengths below 1 fx, however, the sensitivity of radiometric 
devices is markedly inferior to that of photoelectric and photographic 
detectors. Radiometric methods are therefore seldom used in this 
part of the spectrum except for (‘alibration purposes or other circum¬ 
stances under which linearity and spectral neutrality of response are 
essential. 

On the other hand, only radiometric devices can be used at wave¬ 
lengths longer than about 3 g because no other kind of detector is sensi¬ 
tive in this region. This statement means that all infrared spectrome¬ 
ters except those operating in the photoelectric infrared use thermal 
detectors. Because of the importance of thermjil detectors for this 
purpose, they will be considered in some detail, along with the 
auxiliary equipment needed for amplification and recording of the 
detected radiation. 

Of the many physical properties of substances that are dejxjndent 
on temperature, the change of electrical resistance with temi)erature 
and the thermoelectric effect lend themselves most readily to the 
detection of minute temperature changes. Devices which use 
these effects are known, resj>ectively, as bolometers and thermocon'ples. 

12. L Bolometers. The bolometer is a device, usually in the form 
of a short, narrow strip, for the detection of radiation by the change of 
electrical resistance that accompanies the temperature rise produc^ed 
in the device by radiation. Since the temperature rise produced by 
a given amount of radiant energy will be greater as the heat loss and 
specific heat of the bolometer are smaller, it is desirable to keep the 
mass of the bolometer to a minimum. In a small bolometer the rate 
of the temperature rise will also be faster than in a large one, which 
may be useful if a greater speed of response is desired. For a given 
temperature rise, the change in electrical resistance will depend on the 
temperature coefficient of resistance, which suggests the use of mate¬ 
rials with high temperature coefficients. 

The bolometer is ordinarily used in some modification of the 
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Wheatstone bridge circuit, in which one of the other arms of the bridge 
is another bolometer strip. Radiation to be measured does not strike 
this latter strip, whi(‘h otherwise is subject to the same environmental 
influences, including bridge current, as those operating on the active 
strip. The constant bridge current flowing through the two strips is 
called the heating current, because it results in a bolometer temperature 
that may be 5(fC above the ambient temperature. The unbalance 
in the bridge caused by radiation produces a voltage linearly propor¬ 
tional to the radiation and also proportional to the heating current. 
The optimum measurement of this voltage demands a careful match¬ 
ing of the electrical characteristics of the bridge circuit to those of the 
amplifying and recording system, which adds another factor to be 
considered in the choice of bolometer material and design. 

Because of the number and variety of the factors involved, no 
single bolometer design has a clear-cait superiority over all others. 
This situation is reflected in the number of different materials and 
designs that have been used successfully and in the lively controversies 
over their respec^tive merits. 

12.2. Metal Bolometers. Metal strips can be produced and handled 
which are as thin as 0.1 g. It is hardly convenient to make them 
smaller than a few millimeters in length, however, and since in the 
measurement of spe(;tral intensity their length and width are related 
to the size of the exit slit of the spectrometer, metal bolometers usually 
have dimensions of the order of 0.5 cm X 0.5 mm X 1 g. In this 
size their electri(*al resistance will be a few ohms for such metals as 
nickel and platinum. 

In operation the strip may be suspended from wire leads or sup¬ 
ported on some kind of nonconducting backing. In the latter case 
the thermal contact between the strip and its support will be extensive 
and the temperature rise of the strip when exposed to radiation will 
be smaller because of heat transfer to the mounting. This heat 
transfer will increase the minimum amount of detectable radiation 
but will speed up the rate at which equilibrium temperatures are 
reached, a result that may be desirable. If the strip is mounted in a 
gas-filled container, it will also lose heat by gaseous conduction. 
Evacuation of the container increases the temperature rise produced 
by a given amount of radiation, but the time required to reach 
temperature equilibrium will be simultaneously increased. 

Whether the advantage of increased sensitivity obtained by vacuum 
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operation is offset by the increased time of response depends on the 
amplifying and recording system. In general, evacuation of the 
bolometer housing i.^ desirable. However, the strip can be operated 
with higher bridge currents when gas conduction is available to re¬ 
move the electrical heating. For this reason metal bolometers have 
been operated on occasion under a few millimeters pressure of 
hydrogen gas. 

Most metals are good reflectors in the infrared, and therefore metal 
bolometers must be blackened by evaporated metallic* blacks to 
absorb the radiation.^ The amount of bhu^kening is rather critical, 
since too much of it will both impede the flow of heat from the black 
to the strip and increase the heat (*apacity of the bolometer. 

At room temperature, the temperature coefficients of resistance of 
metals used as bolometers are about 0.3 to 0.5 ])er cent per degree 
centigrade. By way of illustration of the orders of magnitude in¬ 
volved, the following figures are given for a nickel bolometer of about 
20 ohms resistance. In a certain electrical setup, a minimum change 
in resistance of about lO”*’ ohm can be detected, corres|)onding to a 
temperature rise of the order of 10~^®C. The amount of radiant 
power required to produce this temperature rise depends on the 
structure of the bolometer and, for a given bolometer, on tlie way in 
which the radiant power is supplied. If no heat were lost by any 
mechanism, however, such a temperature rise would be produced by 
an amount of radiant energy equal to the specific heat of the bolom¬ 
eter material (nickel) times its mass. For a bolometer of 10“^^ gram, 
the product will be 4 ergs per degree or 4 X 10“^ erg for If 

radiant power is supplied to the bolometer at the rate of 1 microwatt, 
none of which is lost by reradiation and other processes, 4 X 10“® sec 
would be a sufficient time to raise the temperature 10“^®C; 0.04 sec 
would be required if the power is 10~^ fxw. This latter figure is 
somewhat smaller than the minimum detectable power realized in 
practice with metal bolometers used in infrared spectrometers. 

Details of the construction and use of metal bolometers will be 
found in many articles and books (see General Reference 12.5). 

12.3. Semiconductor Bolometers. The large (negative) temj)era- 
ture coefficient of semiconductors (for example, “"15 per cent per °C 
for cuprous oxide, as compared with +0.3 per cent for nickel) makes 


‘ A. H. Pfund, Rev. Sci. Inst., 1, 397 (1930); Jour. Opt. Soc. Am., 23, 270, 375 (1933). 
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them potentially valuable as bolometer materials, but until recently 
practical diflSculties such as their very high resistance prevented 
their use. Becker^* ® and coworkers have described briefly a 
“thermistor’’ type of semiconductor suitable for use as a bolometer 
material in infrared spectrometers. The temperature coeflScient of 
the thermistor material is about —5 per cent per °C, and the resist¬ 
ance of a strip 3 X 0.2 X 0.01 mm is some 4 megohms. According 
to the references cited, such a bolometer, mounted in thermal contact 
with a quartz backing, will respond with a temperature rise of 
2 X lO""** °C when irradiated at the rate of 2 X 10“*^ watt for 3 
milliseconds. This rise corresponds to a resistance change of about 
0.3 ohm and, under operation in a particular Wheatstone bridge 
circuit that includes a 400-volt drop across the bolometer, results 
in a bridge output of 3 X 10”® volt. 

One shortcoming of the thermistor bolometer is its appreciable 
transmission of radiation in the neighborhood of 6 g. This is not 
too serious a matter, however, and can be minimized by coating the 
bolometer with blackening or with some other material that absorbs 
uniformly in the 6 g region. 

12.4. A Superconductor Bolometer. The tremendous resistance 
change associated with the transition from the normal to tlit su{)er- 
conducting state of certain metals and semicondu(;tors at very low 
temj>eratures suggests the possibility of a superconductor bolometer. 
This i)ossibility has been realized by Andrews and coworkers,^ who 
utilized the semiconductor columbium nitride, found by Horn® to 
become suf>erconducting at about — 2.57^C. The temperature co¬ 
efficient of this substance in the transition range is as much as 
5000 per cent per °C. It is evident that the difficulties of bolometer 
operation at these very low temperatures are considerable, but cer¬ 
tainly the utility of the superconductor bolometer for spectrometric 
purposes deserves study. 

12.5. Thermocouples and Thermopiles. The thermoelectric ef¬ 
fect, in which two similar bimetallic junctions kept at two different 
temperatures generate an electromotive force, may be used to detect 


* J, A. Becker and H. R. Moore, Jottr. Opt. Soc. Am., 36, S54 (1940). 

* W. A. Brattain and J. A. Becker, Jour. Opt. iSoc. Am., 36, 354 (1940). 

^ D. H. Andrews, 11. M. Milton, and W. DeSorbo, Jour. Opt. Soc. Am., 36,518 (1940). 

* See F. H. Horn, W. F. Brucksch, Jr., W. T. Ziegler, and D. H. Andrews, Pk^s. 
Rev., 61, 738 (1942). 
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radiant energy by the temperature rise the radiation produces in one 
junction. If the two junctions are constructed as nearly alike as 
possible and are subjected in use to the same conditions, the tempera¬ 
ture difference between the two jun(*tions can be restricted essentially 
to that produced by the irradiation of one junction. The juiuiion 
receiving the radiation is known as the active junction and the other 
as the compenmting junction, and the thermocouple is said to be 
compenmtecL 

The voltage developed by a small temperature difference between 
a pair of junctions depends linearly on this difference and on the 
thermoelectric powers of the two metals. A given quantity of radia¬ 
tion will })roduce a larger temperature rise in a system of lower heat 
capa(!ity; and therefore the heat capacity, and hence the mass, of the 
junction should be kept as small as possible. The selection of the 
metals for the junction, however, cannot be made simj)ly on the basis 
of therm(x^lectric powers alone. The thermal and electrical con¬ 
ductivities are also involved, as is shown in detail in the theory as 
developed by Cartwright.^ From a consideration of the various 
factors involved, Cartwright has reached the conclusion that a junc¬ 
tion of pure bismuth with an alloy of 5 per cent tin and 95 per cent 
bismuth represents a satisfactory compromise among the several 
conflicting factors involved. However, various other materials have 
been used with equally good or better results^ (see also General Ref¬ 
erence 12.5). 

The construction of a comj)ensated vacuum thermocouple using the 
above metal-alloy junction is described in great detail by Strong and 
Cartwright.® To keep the heat capacity of the couple small, wires 
of pure bismuth and bismuth-tin alloy are made about 3 mm long 
and 0.025 mm in diameter. The soldered junction of these fine wires 
is scarcely larger than their diameters and is thus much too small for 
use with a spectrometer, the exit slit of which is many times greater. 
The transfer of radiant energy to the junction is made with the help 
of a thin metal strip called a receiver, which is about the same shape 
and size as a conveniently formed image of the widened exit slit. 
The receiver is cemented or soldered to the junction to give good 

®C. H. Cartwright, Zeitschr.f. Physik, 92, 153 (1934). 

^ D. F. Hornig and B. J. O’Keefe, Rev. Sci. Irnti., 18, 479 (1947). 

® J. Strong and C. H, Cartwright in Chapter VITI, General Reference 12.3. 
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thermal contact and is blackened to increase its absorption. In 
physical characteristics the receiver differs little from a bolometer 
strij), but its function is simply to collect radiation and transfer it 
to the thermocouple. In order to simulate the active juiu^tion as 
closely as possible, the comj)ensation jun(*tion is also equipped with 
a receiver, which, however, is not subjected to the radiation to be 
measured. 

The thermocouple is mounted in a case which is evacuated to 
10""'* mm or better. The use of a vacuum reduces the loss of heat by 
gas conduction from the couple and may increase the sensitivity of 
the couple to radiation as much as twentyfold. However, there is an 
attendant decrease in the speed of response, which may liave certain 
disadvantages discussed below in coniie(‘tioii with amplifiers. 

One way of increasing the electromotive force generated by thermo¬ 
electric means is to use several thermocouples in series, an arrange¬ 
ment called a thermopile. The many factors that must be considered*^ 
make it impossible to say dogmatically that the improved performance 
of a thermopile over a single couple will warrant the trouble of making 
the extra junctions. Actual practice indicates a widespread convic¬ 
tion to the contrary on the part of infrared-research workers who 
make their own detectors as well as by commercial concerns producing 
infrared spectrometers. There is a technique for the production of 
therino})iles, however, by which multiple junctions are just as readily 
prodiic*ed as single junctions. The procedure**^ consists of making 
the metallic junctions by successive deposition of the two metals in 
a vacuum evaporator. A separate pattern or mask is used during the 
evaporation of each metal to form the strips of that metal, and the 
junctions occur at areas where the two masks have open areas in 
common. The metals, usually bismuth and antimony, are deposited 
on a thin supporting film of plastic such as cellulose acetate or 
Formvar. The evaporation technique has also been used for the 
fabrication of fast thermocouples** and bolometers.*^ 

® See (.'artwright, footnote 6, page S()t>. 

L. Harris and coworkers, Rev. Sci. Ind., 4, 454 (1938); 5, 153 (1934); Jour. Opt. 
Soc. Am., 30, 519 (1940). 

See, for example, L. C. Roess and E. N. Dacus, Rev. Sci. In.'it., 10, 104 (1945). 

See, for example, B. H. Billings et al.. Jour. Opt. Soc. Am.^ 36, 354 (1940). 
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Other thermopile design and construction details will be found in 
articles by Horiiig and O’Keefe’, Pfund^^ and Coblentz (General 
Reference 12.1, page 191). 

12.6. Other Thermal Detectors. Various detecting devices in 
addition to bolometers, thermocouples, and thermopiles have been 
used extensively at one time or another for the measurement of 
infrared radiation. For sundry reasons they find little application 
today. The vane radiometer, most familiar in the form of the simple 
Crookes radiometer, has been refined by Nichols and others'^ to a 
point where it is at least as sensitive, if not more so, than the detectors 
considered above. However, the construction of these instruments is 
so difficult, their maintenance and operation demand such elaborate 
precautions, and they recjuire so much time for a single reading that 
they are rarely used today for spectroscopic purposes. 

Another detecting device that has interesting possibilities is the 
pneumatic radiometer known as the Golay cell This device, a 
predecessor of which is the Hayes cell,^^ measures radiation by the 
pressure increase in a gas chamber accompanying the temperature 
rise caused by absorption of the radiation.The radiation is not 
absorbed by the gas itself but by a thin metal film in contact with the 
gas, as shown in Fig. 12.1. The temperature of the gas is raised then 
by gaseous conduction of heat away from the film. The small 
pressure increase is observed by the deflection of one of the walls of 
the gas chamber, which is made very thin and flexible. Measurement 
of the deflection can be made optically or electrically. In the Golay 
cell, shown in Fig. 12.1, the deflectable wall is used as a mirror, and 
the amount of light reflected from it through a matched gridwork is 
measured photoelectrically. It has a time constant of about 3 X 10“^ 
sec and in comparison with other tyi>es of infrared receivers is re¬ 
ported to show a sensitivity^’ several times better than those of 
conventional bolometers and thermocouples. The Golay cell is made 
commercially by the Eppley Laboratories of Newport, R. I. 


A. H, Pfund, Rev. Sci. Inst., 8, 417 (19S7). 

E. F. Nichols, Phys. Rev., 4, 297 (1897). 

“H. V. Hayes, Rev. Sci. Inst., 7, 202 (1986). 

^®H. A. Zahl and Marcel Golay, Rev, Sd. Insi., 17, 511 (1946). See also R. A. 
Weiss, Jour. Opt. Hoc. Am., 36, 356 (1946). 

See, for example, H. H. Nielsen et al.. Jour, Opt, Soc, Am., 36, 358 (1946), 
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12.7. Amplification and Recording Methods in Radiometry. The 
electrical output of bolometers and thermocouples under steady 
radiation is a small DC voltage that may be measured directly with 
a sensitive galvanometer of appropriate characteristics. When the 
galvanometer is pushed to the limit of its sensitivity, however, in the 
measurement of voltages near 10”®, serious difficulties are encountered. 
A sensitive galvanometer is sensitive to other things besides the 
e.m.f. the experimenter wants to measure, particularly to mechanical 
vibrations and stray electrical interference. These can be reduced 
respectively by supports such as the Julius suspension^* and by 


Image of upper half of line grid when flexible mirror is flat 



Fig. 12.1. The pneumatic radiometer or Golay cell. 

(Courtesy the Eppley Laboratory.) 


careful shielding, but often cannot be eliminated. A galvanometer 
su.spension also indulges in erratic torsional fluctuations associated 
with Brownian motion, which ultimately set a limit to the voltage 
which can be measured. Moreover, the relatively long time re¬ 
quired by a sensitive galvanometer to come to full deflection is a 
decided inconvenience when thousands of readings have to be 
taken. 

In addition to these troublesome features, a more serious difficulty 
arises from the imperfect compensation of thermocouples and bolo¬ 
meters. As a result, the ^‘zero reading” of the detector output in the 
absence of radiation does not stay at zero but slowly changes in one 
direction or the other. This phenomenon, called drifU is troublesome 

Vibrationless mountings for galvanometers are discussed in Chapter XIV of 
General Reference 12.3. 
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to correct and adds much labor in the form of extra zero readings to 
the process of obtaining an infrared absorption spectrum with a 
galvanometer and scale. Drift can also introduce inaccuraity in 
galvanometer readings when the drift during one reading is an 
appreciable fraction of the deflection. 

It has proved possible to eliminate drift by virtue of the fact that 
its rate of change with time is slow. The method (see below, §§ 12.8 
and 12.9) is to “chop” the radiation from the infrared source with a 
shutter several times a second and then to amplify the output of the 
Iherinal detector with an AC amplifier tuned to the chopping fre¬ 
quency. To eliminate drift by this kind of procedure, as well as to 
minimize the other difficulties mentioned above and to reduce the 
labor of obtaining an infrared spectrum, various kinds of amplifiers 
and automatic recorders have been introduced. 

12.8. Photorelays. The photorelay is a device for amplifying the 
deflections of a primary galvanometer by means of a [ihotocell and a 
second galvanometer. The first photorelay, that of Moll and 
Burger,^^ actually used a thermopile rather than a photocell, but the 
principle of later devices is the same. Light reflected from the mirror 
of the first galvanometer falls on the surface of a sensitive photocell 
of some kind. The photocurrcnt thereby generated is sent to a 
second galvanometer but is balanced potentiometrically so that at 
the zero reading of the first galvanometer the second galvanometer 
also reads zero. Wlien the mirror of the first galvanometer suffers a 
slight deflection, the amount of light falling on the photocell changes 
and a current flows through the second galvanometer. The optical 
system can be arranged to give a linear relationship between the two 
galvanometer deflections. Since the magnitude of the photocurrent 
can be made quite large by use of an appropriate optical arrangement 
and intense light source, tremendous amplification of the primary 
galvanometer deflection is possible. It is relatively easy by means 
of the photorelay to amplify the primary galvanometer deflections to 
such an extent that the Brownian fluctuations therein are readily 
observable. 

Of the several modifications of the photorelay,that made by 


W. J. H. Moll and H. C. Burger, Phil. Mag. (6), 50, 621 (1925), 

A. H. Pfund, Science, 69, 71 (1929) ; R. B. Barnes and R. Matossi, ZeUschr. f, 
Phynk, 76, 24 (1932); C. H, Cartwright, Rev. Sci. Jnet., 5, 221 (1932). 
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Pfund and called by him the “resonance radiometer” is the most 
significant. The photorelay described in the preceding paragraph 
unfortunately does not eliminate zero drift. Pfund pointed out that 
by tuning the primary and secondary galvanometers to the same 
period, one can make the photorelay particularly sensitive to electrical 
impulse's of that period and much less sensitive to other impulses, 
especially those of drastically differing period,* such as a slow zero 
drift. The response of the thermocouple or bolometer to radiation 
is made to vary with the period to which the galvanometers are tuned 
by “chopping” the radiation at that period. A rotating sector or 
pendulum-controlled shutter may be used for this purpose. 

In actual practice, the resonance radiometer is somewhat com¬ 
plicated to use and has a relatively slow response time, but the 
fundamental idea of eliminating drift by periodic interruption of the 
radiation and sharp tuning of the photorelay to that period is very 
sound. The replacement of the photorelay by a tuned AC amplifier 
results in a simpler over-all system, in widespread use. 

12.9. Alternating-Current Amplifiers. In recent years great ad¬ 
vances have been made in the design of vacuum-tube amplifiers, 
particularly in the development of low-frequency, sharply tuned am¬ 
plifiers. One of the most significant of these advances, due to 
Scott,^’ is the so-called “Twin-T” negative feedback circuit. In this 
circuit, sharp tuning of the amplifier to a narrow band of frequencies 
is achieved by negative feedback from the late stages of the amplifier 
to the first stage. The negative feedback cancels the gain of the 
amplifier, but by the insertion of sharply tuned filters in the feedback 
line, a narrow range of frequencies can be eliminated from the feed¬ 
back. For this frequency range, the gain of the amplifier is not 
nullified. With such an arrangement it is possible to construct 
amplifiers of low frequency (10 cycles per second or less) and very 
narrow pass band (1 to 2 per cent of the tuned frequency is attain¬ 
able). Several such amplifiers for use with bolometers or thermo¬ 
couples in infrared spectrometers have been described,®^ 


* The resonance radioTneter does not eliminate the effect of Brownian motion, since 
the random fluctuations of the primary galvanometer are superimposed on its har¬ 
monic oscillations. 

H. 11. Scott, Proc. Inst. Radio Eng., 26, 226 (1938). 

^ L. C. Roess, Rev. Sci. Inst., 16, 172 (1945). 

N. Wright and L. W. Herscher, Jour. Opt. Soc. Am., 37, 211 (1947). 
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The specifications of the AC amplifier of course depend on the 
radiation detector and the measuring and recording system with 
which it is used. Clefirly, the frequency at which the radiation 
beam is interrupted must not be so high that the detector is unable 
to respond to the interruptions. It was remarked above in the dis¬ 
cussion of bolometers and thermocouples that those features of a 
detector which make it very sensitive, such as vacuum housing, also 
decrease the speed with which maximum response is attained; and 
in general it may be said that high speed of response is gained only 
at a price of decreased sensitivity, and vice versa. The chopping 
frequency must therefore be a compromise that is not too high for 
the speed of the detector and not too low for good amplifier design 
and recording speed. Chopping speeds as low as 1 cycle per second 
have been used with vacuum thermocouples,* and as high as 40 cycles 
per second with bolometers. A compromise of 15 cycles per second 
has been reported for a thermistor bolometer mounted on a glass 
backing.'"* 

In addition to the great advantage of the tuned AC amplifier for 
the elimination of drift, good amplifier design will also eliminate 
sensitivity to mechanical vibration and to stray electrical inter¬ 
ference. The electrical analogue of the Brownian motion of the 
galvanometer suspension, however, is still present in the form of 
random voltage fluctuations (the so-called Johnson noise^^) in the 
thermocouple or bolometer. The effect of Johnson noise may be 
reduced by sharpening the tuning of the amplifier, since the noise is 
proportional to the square root of the pass-band width. This kind 
of reduction is limited, however, by considerations of speed. The 
response time of the amplifier is essentially the reciprocal of the band 
width; and halving the band width, which will reduce the noise by 
only 1/V^, doubles the response time. Thus the optimum band 
width is a compromise between low noise and speed. There is ob¬ 
viously no point to making the amplifier response time materially 
faster than that of the indicating device to which the amplifier output 
is fed. Since this latter is usually not much faster than 1 sec, band 
widths are rarely narrower than 1 cycle per second. Many amplifier¬ 
recording systems permit control of both noise level and recorder 


* Vacuum thermocouples need not be this slow. They have been made faster b^ 
a factor of 10 or more. 

“ J. B. Johnson, Phys. Rev., 32, 97 (1938). 



§12.11] THE MEASUREMENT OF SPECTRAL INTENSITIES 313 

speed so that the optimum combination of the two factors may be 
selected. 

12.10. A Direct-Current Amplifier. Despite the advantage of the 
AC ami>lifier in the elimination of zero drift, there is a DC ampli¬ 
fier* that has been widely adopted for use in conjunction with 
a vacuum thermocouple. This amplifier^'’ is a DC amplifier in 
the sense that a small DC voltage fed into the input terminals 
appears as a highly amplified DC voltage at the output terminals. 
As far as the circuit is concerned, it is an AC amplifier not drastically 
different from those described in the references cited in the previous 
section. The conversion of the DC input to low-frequency alternat¬ 
ing current (75 cycles per second) is accomplished by a motor-driven 
commutator. The same motor simultaneously drives a second com¬ 
mutator that rectifies the amplified 75-cycle output to direct current. 
Used in conjunction with a commercial pen recorder, the amplifier 
permits measurement of voltages as low as 10~"^, which is approaching 
the Brownian motion limit of a sensitive galvanometer. 

12.11. Recorders. The wearisome task of taking thousands of 
galvanometer scale readings in the course of charting a single spec¬ 
trum makes highly desirable some method for automatic registration 
of these readings. For rapid industrial work this is imperative. 
Automatic recording was, in fact, the first of the automatic techniques 
to be used and was introduced as long ago as 1895 by Langley and 
Angstrom. The recording method consisted, in principle, of replacing 
the galvanometer scale by photographic paper wrapped on a cylinder, 
the axis of the cylinder being parallel to the long dimension of the 
scale. Rotation of the cylinder at a fixed rate with respect to the 
traversal of the spectrum causes the galvanometer spot to trace out 
a permanent record of its displacements and establishes a definite 
relationship between angular position of the cylinder and the spec¬ 
trometer setting. 

The great advantage of recording on photographic paper is its 
ready addition to the standard galvanometer setup, and the principal 
disadvantage is the delay involved in the photographic processing. 
It has been used widely, and numerous special photographic arrange- 


* This amplifier may be purchased from the Perkin-Elmer Corporation, Glenbrook, 
Conn. 

“ M. D. Liston, C. E. Quinn, W. E. Sargeant, and G. G. Scott, Rev. Sci. Inst., 
17, 194 (1940). 
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ments have been described. Reproductions of photographic records 
have often appeared in the literature. 

A simple device which makes possible the substitution of pen-and> 
ink for photographic recording has been described by Pompeo and 
Penther.^® The light beam from the final galvanometer falls on a 
split-cathode photocell mounted on a carriage holding a pen. The 
photocell output controls a motor that drives the carriage in such 
fashion that the galvanometer beam is always centered on the photo¬ 
cell. The carriage track is mounted parallel to the axis of a revolving 
cylinder, and the moving pen records on paper wrapped about the 
cylinder. 

The development of high-gain amplifiers like those described in the 
preceding section occurred simultaneously with the commercial 
availability of fast, low^-voltage pen-and-ink recorders suitable for use 
with them. Many of these recorders are well suited for use with 
radiometric devices, and accordingly most of the infrared spectrom* 
ters now on the market are equipped with standard commercial 
recorders. The Electronik high-speed strij) recorder of the Hrown 
Instrument Company, shown in Fig. is a representative example. 


PHOTOELECTRIC MEASUREMExNT OF INTENSITY 

Many of the electrical properties of matter are affected by light, 
so there are various kinds of “photoelectric effects.” Three kinds of 
photoelectric phenomena have been adapted to the measurement of 
spectral intensity: the photoemissive effect, which is the ejection of 
electric charge from matter through the agency of radiation; the 
photoconductive effect, which is the change of electrical conductivity 
produced by radiation; and the photovoltaic effect, which is the genera¬ 
tion of a potential difference between two electrodes as a result of the 
irradiation of one of them. 

Since about 1930 the characteristics of photocells of these three 
types have been improved so much that photoelectric methods are 
now used to an extent comparable with photography in the detection 
and measurement of spectra. Especially striking advances have been 
made in (a) the reduction of the threshold of radiant power that is 

F. A. Fir€!Stone, Rev. Sci. Inst., 3, 16S (193S), 

27 N. Wright and H. M. Randall, Phys. Rev., 44, 39 (1933). 

**N. Wright, Ind. Eng. Chem., Anal, ed., 13, 1 (1941). 

2® D. J, Pompeo and C. J. Penther, Rev. Sd, Inst., 13, 218 (1942). 
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needed to produce a recognizable response from the photocell; 
(b) development of techniques for the manufacture of stable, re¬ 
producible photosensitive surfaces; (c) extension of the spectral range 
of sensitivity well into the infrared and ultraviolet regions; and 
(d) development of new means for amplification of the photocurrent. 
These improvements are still in progress, and the procedures de¬ 
scribed below for the photoelectric measurement of spectra will 
unquestionably undergo important changes in the future. 

In the evaluation of a photocell as a measuring device for spectral 
radiation, the properties of primary importance are its sensitivity,. 



Fig. 12.2. The “Electronik” high-speed strip recorder. 

(Courtesy Rrown Instrument Company.) 

linearity, wavelength range, neutrality, and threshold of detection.^ 
These properties have been defined, with the exception of threshold, 
which may be taken as the radiant power needed by the cell to produce 
an electrical signal that is at least as large as the electrical noise gen¬ 
erated in the cell. Unfortunately, it is difficult to determine an 
absolute value of the noise, because a measured value depends not 
only on the cell itself but also on the characteristics of the amplifying 
and indicating systems. For this reason comparisons of the thresh¬ 
olds of detection in photocells of different types must be made with 
care and with due allowance for any differences in circuits. 
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12.12, Photoemissive Cells and Electron-Multiplier Tubes. For 

the measurement of spectral intensity, the photoemissive cell is prob¬ 
ably the best all-round photocell with respect to all the above charac¬ 
teristics except wavelength range. It is linear over widely different 
intensities of illumination. Its threshold of detection is low at room 
temperature and can be made still lower by refrigeration, if necessary. 
The sensitivity is high and the working stability of the cell is satis¬ 
factory. A typical cell is shown in 
Fig. 12.3, and a convenient circuit for 
the measurement of low light levels in 
Fig. 12.4. 

In the form of the electron multiplier^ 
the photoemissive cell promises to be 
more widely used in spectrophotometers 
than any other kind of photocell. This 
is a combined photoemissive cell and 
electronic DC amplifier in a single 
envelope. Its operation is illustrated 
in Fig. 12.»5. The basic principle is the 
phenomenon of secondary electron 
emission from a treated metal surface 
under bombardment by primary elec¬ 
trons. The importance of the phe¬ 
nomenon lies in the fact that a single 
primary electron may give rise to four 
or five secondary electrons. In the 
electron multiplier the first primary 
electrons are those ejected by radia¬ 
tion falling on the photocathode C. 
These electrons are accelerated to 
the first anode (electrode No. 1) by 
an electrical potential of, say, +100 volts applied to it. The 
photoelectrons impinge on the first anode with suflicient velocity to 
eject four or five secondary electrons each. The newly released 
secondaries are then accelerated to electrode No. 2 by a higher 
potential (for example, +200 volts above the photocathode), where 
each in turn gives rise to several secondary electrons. The process 
continues in this fashion through a number of stages (six in Fig. 12.5), 
the number of electrons being multiplied at each stage by a constant 
factor of approximately 4.5. The electrons from the final electrode 



Fig. 12.3. A typical 
photoemissive cell. 
(Courtesy RCA Laboratories.) 
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are collected at the anode A, whence they are conducted away and 
measured as photocurrent. 

The photoelectric properties of the electrou multiplier are deter¬ 
mined by the photocathode. The over-all amplification may range 


FP-54 



Fig. 12.4. A simple photocell circuit for the measurement of low light levels 
(order of microlumens). Representative values of the electrical components 
would be: = 2 volts; B 2 = B 3 = B 4 = B[, = 4 volts; Bl — 1000 megohms; 

Rv is a balancing resistor; P == photocell (e.g., RCA-929); C = photocathode; 
6’ = galvanometer. 


from one thousand for a six-stage tube to as much as a million for an 
Il-stage tube. For precise spectrophotometry^ the potentials sup¬ 
plied to the several stages must be carefully controlled (to dbO.l per 
cent approximately), because a voltage fluctuation of x per cent in an 
n-stage multiplier changes the amplification factor by about nx per 
cent. Suitably stable power supplies have been designed,®*^’ or 
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Fig. 12.5. Diagram of a six-stage electron multiplier tube. 

B batteries may be used. The spectral sensitivity curves of two 
types of photocathodes are shown in Fig, 12.6. 

12.13. Photoconductive cells. When photoelectric detection of 
spectra beyond 1 ^ is desired, it is necessary to use photoconductive 

V. Hunt and R. W. Hickman, Rev. Sri. Inst., 10, 6 (1939); W. R. Hill, Proc. 
Inst. Radio Eng., 33, 38 (1945). 

« G. H. Dieke and H. M. Crosswhite, Jour. Opt. Soc. Am., 35, 471 (1945). 
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•cells; these can be constructed with workable sensitivity to wave¬ 
lengths as great as 3 ix or even longer. In the past the most practical 
photoconductive cells used a thin film of elemental selenium as the 
material whose electrical conductivity increased markedly upon 
illumination, although many other substances with this property 
were known. Cells of superior qualities are now available whose 
photosensitive element consists chiefly of the sulfide of lead or of 

thallium .32 

The thallous oxysulfide or “thalofide” cell shows optimum response 
to radiation of about 0,95 )Lt, and has a useful sensitivity to about 
1.4 jjL. It is easy to use and has quite a low threshold of detection. 
Its chief shortcoming is a nonlinear sensitivity curve. The lead 
sulfide cell is usable out to 3 or even beyond. Despite the wide 



A. in Ai 


Fig. 12.6. Spectral sensitivities of photocells. Each curve «s relative to its 
own maximum sensitivity. (^1) Cesium-antimony photoemissive cell; (B) 
cesium oxide-silver photoemissive cell; (C) thalofide photoconductive cell; 
(/)) lead sulfide photoconductive cell. 

range of sensitivity, it is relatively neutral over most of this range, in 
contrast to the thalofide cell, which has a very steep sensitivity-vs.- 
wavelength curve in the range 0.95 to 1.5 g. The threshold of detec¬ 
tion of the lead sulfide cell is higher than that of the thalofide cell, but 
refrigeration of the lead sulfide surface with “dry ice’' both lowers 
the threshold and extends the usable range to longer wavelengths. 
Like the thalofide cell, the lead sulfide cell is nonlinear. 

The spectral sensitivity curves of thalofide and lead sulfide cells 
are shown in Fig. 12.6. Other kinds of photoconductive materials, 
for example lead selenide, show promise of workable sensitivity at 
even longer wavelengths. 

12»14. Photovoltaic Cells. In the form of the “barrier-layer” cell, 
the photovoltaic cell is probably the most convenient kind of photocell 

“R. J. Cashman, Jour, Opt Soc. Am., 36, 356(A), (1946). 
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obtainable. It requires no auxiliary voltage supply, since it utilizes 
the incident radiation to generate rather than to modulate a voltage. 
Under proper circumstances its linearity is good, and for any photo¬ 
metric purpose where plenty of light is available, the photovoltaic cell 
is simple and easy to use.. Unfortunately, most spectrophotometers 
run short of light at one end or the other of their operating spectral 
range, and the low sensitivity of the photovoltaic cell in these regions 
is a great handicap under such circumstances. In addition, the 
amplification of the response presents special problems due to the low 
impedance of the cell. For these reasons photovoltaic cells are little 
used in spectrophotometers. The spectral sensitivity curve of a 
typical photovoltaic cell does not differ much from curve A of Fig. 
12.6. The peak of sensitivity is at slightly longer wavelength, say 
0.56 

12.15. The Incorporation of the Photocell in the Spectrograph. 

Because the photocell does not discriminate between two different 
wavelengths, it is necessary to isolate each wavelength at which 
intensity measurement is to be made. The spectrograph in which 
photoelectric detection is used must therefore function as a mono¬ 
chromator. A monochromator is provided with an exit slit, and the 
first requirement to be met in photoelectric detection is the arrange¬ 
ment of the photocell to utilize the maximum amount of mono¬ 
chromatic radiation emergent from the exit slit. This arrangement is 
ordinarily a simple one. The size of the exit slit and the angle at 
which the monochromatic beam emerges are often such that the 
photocathode area in the photocell can intercept the entire beam if 
the photocell is placed at the proper orientation and within the proper 
distance from the slit. 

If it is desired to place other devices in the region between the exit 
slit and the photocell (for example, an absorption cell for absorption 
spectrophotometry as in Chapter 14), an optical system is needed to 
carry the beam through this region and then to project it upon the 
photocathode. The nature of this system depends on the function 
it is required to perform. Usually it consists of a collimating lens 
to render parallel the beam from the slit, and a focusing lens to project 
the beam on the photocathode. A sketch of this optical arrangement 
is shown in Fig. 12.7. 

A second requirement to be met concerns the method of scanning 
the spectrum, that is, the method of bringing the various wavelengths 
successively to the exit slit. In most monochromators the spectrum 
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is scanned by rotation of the dispersing element, whether it be pris¬ 
matic or diffractive. Under this arrangement the exit slit is usually 
fixed in position, and therefore the entire optical system from the 
exit slit to the photocell may also be fixed. No addition is required 
to the optical system mentioned in the previous paragraph, apart 
from some method of making changes in lens positions and other cor¬ 
rections required by the change in wavelength of the emergent beam. 

Sometimes the optical or mechanical arrangement of the mono¬ 
chromator precludes scanning of the spectrum in this way. An 
alternative procedure is to keep the dispersing element in a fixed 
position and to move the exit slit along the surface in space on which 
the spectrum is focused. Necessarily, the emergent beam will move 
with the slit, and this motion must be compensated in some way to 
keep the beam properly directed onto the photocathode. Such com¬ 
pensation can sometimes be effeded by optical means, but it is 



Fig. 12.7, Simple optical system for photocell. 


usually found preferable to keep the photocell in fixed relationship 
to the exit slit. This requires moving the entire slit-photocell system 
during the scanning of the spectrum, which is somewhat awkward. 
However, with grating spectrographs whose mountings prevent 
scanning of the spectrum by rotation of the grating, such as the 
Paschen or Wadsworth mountings, this procedure is always followed. 

The construction and use of various types of photoelectric spectro¬ 
photometers are considered in Chapter 14. 

12.16. Amplification and Recording of Photocnrrents. Because of 
the high impedance of both photoemissive and photoconductive cells, 
electronic amplification of their photocurrents is readily achieved. 
The problem of amplification has two aspects, however, one con¬ 
cerned with the sensitivity of the photocell and the other with its 
threshold of detection. 

As defined at the start of the chapter, sensitivity is the slope of 
the curve rekting the photocurrent to the radiant power which pro¬ 
duces it. Amplification of the photocurrent by a given factor multi- 
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plies the slope of this curve by this same factor and therefore increases 
the sensitivity by this factor. Inasmuch as the currents produced in 
a photocell by the light intensities available in spectrometers are 
usually so weak as to require a sensitive galvanometer for measure¬ 
ment, amplification of the photocurrent is essential if it is to be 
recorded, for example, on a commercial recording milliammeter. 
One purpose of amplification, then, is to elevate the photocurrent to 
a usefully high level. 

The threshold of detection of a photocell, on the other hand, is a 
property that cannot be altered (except for the worse) by mere 
amplification of the photocurrent. It was defined previously as the 
radiant power required to produce an electrical signal equal to the 
electrical noise present for various reasons in the current output of 
the photocell. An imj)ortant point to be remembered is that in 
amplification of all com[)onents of the photocurrent the noise is 
amplified along with the signal, so that such amplification does not 
alter the signal-to-noise ratio (except for the worse, in case the 
amplifier introduces appreciable noise). Therefore mere amplification 
of all photocurrent components does not lower the threshold of 
detec!tion. 

The electron-multiplier tube furnishes a simple example of these 
two aspects of amplification. A certain amount of radiant power 
incident upon the photocathode {C in Fig. 1^.5) will produce a photo¬ 
current between C and anode 1. The sensitivity of the first stage of 
the photocell is the ratio of this photocurrent to the radiant power 
which produces it. Now the photoelectrons incident upon anode 1 
liberate a larger number of electrons, which in turn impinge upon 
anode 2. This larger number constitutes an amplified photocurrent, 
and a correspondingly increased sensitivity. The sensitivity in¬ 
creases with each stage in this way, the over-all amplification amount¬ 
ing to several powers of ten. This increase in sensitivity, achieved 
so neatly within the confines of a single vacuum tube, is the great 
virtue of the electron multiplier. 

On the other hand, the threshold of detection of a multiplier tube 
is no lower than that of the first stage, because the photocathode is 
constantly emitting electrons by virtue of the thermionic effect. The 
thermionic current forms the chief part of what is usually called the 
dark current because it is best measured in the absence of light, which 
would of course give rise to a photocurrent. The dark current de¬ 
pends on the temperature of the cathode, on the potential of the 
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first anode with respect to the catliode, and on other factors, but 
on the average is constant when all these factors are constant. If the 
dark current were absolutely constant, it could be subtracted out of 
the total current and would not limit the least detectable signal. 
However, the real dark current fluctuates slightly in random fashion 
about its average value. These current fluctuations fix a threshold 
for the least detectable signal that is about equal to the mean value 
of the fluctuations themselves; that is, the ratio of least detectable 
signal to the noise is about unity. Any smaller signal tends to get 
buried in the noise. 

The amplification stages of the multiplier am})lify the dark current 
with its fluctuations indiscriminately along with the photocurrent. 
The ratio of photocurrent to noise is therefore not altered* during 
the amplification, and the size of the least detectable signal is not 
lowered. 

In most photoelectric spectrometers the optical system feeds the 
photocell suflScient light (except perhaps at the long and short wave¬ 
length limits of the instrument), so that the prime objective of the 
amplifying system is the elevation of the photocurrent to levels 
suitable for recording. Discussion of the many types of amplifying 
systems is outside the scope of this book, and the reader is referred to 
treatises and journal articles on electronic amplification for informa¬ 
tion on this subject (General Reference 12.4). However, it is worth 
while to consider briefly the possible steps by which the threshold of 
detection might be lowered with the help of selective amplification. 

We have seen in § 12.9 that amplification by a tuned AC amplifier 
of the alternating output of a bolometer or thermocouple can elimi¬ 
nate long-period drifts in thermoelectric recording. There the objec¬ 
tive is the amplification of a signal alternating with much higher 
frequency than that of the drift. The fluctuations in dark current 
from a photocathode, on the other hand, are not confined to a par¬ 
ticular period but are spread out over a ‘‘noise spectrum.” This 
means that a tuned AC amplifier will amplify some of the noise but 
only that part of it which falls in the frequency band to which the 
amplifier is tuned. The narrower this band, the smaller the total 
fraction of the noise amplified. Hence the threshold of detection can 
be lowered if the light to be measured is interrupted by a shutter or 

* The amplification stages may introduce noise of their own, thereby raising the 
minimum detectable signal. This effect is usually small compared to the one under 
discussion. 
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“chopj)er” so that the resultant photocurrent alternates at the 
frequeiKjy to which the am})lifier is tuned. 

A practical advantage for the tuned am[)lification of alternating 
j^hotocurrents stems from the fact that i)hotocells have in general a 
high sy)eed of response. Because of this high speed, the chopping rate 
can be fast; that is, the alternating current from the photocell has a 
high frequency. It is easier to construct stable high-gain AC am- 
pliliers for which the frequency is above, say, 100 cycles per second 
than for lower frequencies. Hence the difficulty encountered m the 
A(] operation of thermocouples and bolometers, where chopping 
frequencies well below 100 cycles per second must be used, is not met 
with in the amplification of photocurrents. 

It might be supposed that the threshold of detection can be reduced 
to indefinitely low values by reduction in the band width of the tuned 
am[)lifier. Such a reduction would reduce the fraction of the noise 
amplified, to be sure, but would be attended by a complication men¬ 
tioned in § 12.9: an AC amplifier with a band width of | cycle has 
I/V 2 as much noise as a similar one with a band width of 1 cycle, 
but it exhibits twice as large a time lag (roughly two seconds com¬ 
pared with one). For this reason, the threshold of detection of 
radiant power can be reduced by selective amplification only at the 
exi>ense of a much larger increase in the time required to detect a 
change in the radiant power. 

Since the thermionic current is a function of the temperature of the 
photocathode, another possibility for reducing the dark current and 
the random fluctuations thereof lies in refrigeration of the photo¬ 
cathode. The anticipated reduction is very great, because of the 
exponential factor in the thermionic current-temperature relationship. 
In actual practice,*^^ the reduction in thermionic current that accom¬ 
panies a temperature drop from room temi)erature (300®K) to that 
of liquid air (90°K) may be as much as ten-thousandfold, which 
corresponds to a reduction in thermionic fluctuations of a factor of 100. 
The radiant power level which wdll produce an electrical signal equal 
to the noise at 90®K is phenomenally low—of the order of 10”^® lumens 
under certain circumstances. Usually it is neither necessary nor 
expedient to operate at so low a threshold, but for certain applica¬ 
tions, notably the study of the Raman effect (Chapter 18), light 
levels of this low value are typical. 


K. W. Engstrom, Jom. Opt, Soc. Am., 37. 420 (1947), and references there cited. 
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The output of an AC amplifier is an alternating current. This 
current has to be rectified, either electronically or by some other 
means, to be recorded or otherwise registered. Discussion of rectifica¬ 
tion methods is outside the scope of this book. It is of interest to 
note, however, that when the rectified output is fed to a galvanometer 
or other output meter, such as a recording potentiometer, the time lag 
inherent in such a meter in effect imposes a narrow band width even 
on a broad-band amplifier: fluctuations of any kind, whether noise or 
signal, which have a period of, say, 0.001 sec, will not be registered by 
a galvanometer of a period of a second or larger. In consequence, if a 
slow galvanometer is used with a DC or broad-band AC amplifier, the 
sluggishness of the galvanometer “filters out” all noise with apprecia¬ 
bly shorter period than that of the galvanometer itself. This kind 
of filter will not eliminate drift from thermocouples, because the 
period of thermocouple drift is so long, but it can be highly useful in 
improving the ratio of DC signal to noise from a photocell. 

12.17, Photoelectric Spectrometers. Spectrometers using photo¬ 
electric detection are manufactured by various firms and are in 
widespread use. Several of these, with attachments making them 
useful for special purposes, are described in Chapters 14 and 16. 
Among the first descriptions of the adaptation of a large-grating 
spectrograph to photomultiplier detection and measurement of emis¬ 
sion spectra was that of Dieke and Crosswhite.^^ One condition to be 
fulfilled in their adaptation was that of easy change of the instrument, 
in which the grating was in a Wadsworth mounting, from photo- 
eletd,ric to photographic use. For this reason, a scanning method had 
to be devised which interfered with the photographic procedure as 
little as possible. The photographic plateholder was therefore 
altered so that a small carriage could be mounted on it, and could be 
moved smoothly along the focal plane in the direction perpendicular 
to that of the exit slit. Upon the carriage were mounted the exit slit 
(in such a way that the slit always moved in the focal plane) and the 
electron-multiplier tube. The divergent beam from the slit fell 
directly on the multiplier’s photocathode, which was at a distance 
no larger than 3 or 4 cm. 

The spectrum was scanned by motion of the carriage along a track 
in the plateholder. Since the effective length of the plateholder was 
only 50 cm, the coverage of a wider spectral range involved a resetting 
of the entire plateholder in the usual fashion for the Wadsworth 
mounting. The fact that the plateholder could be used inter- 
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changeably for photographic and photoelectric detection enabled the 
optimum focus for a new plateholder setting to be determined photo¬ 
graphically. The spectral region covered by the new setting could 
then be scanned photoelectrically with the assurance that no 
further focusing was needed. 

The output of the photomultiplier was fed to a Leeds and Northnip 
recording microammeter, usually without intervening amplification. 
Figure 1.4 shows photographic and photoelectric records of the same 
emission spectrum taken with this instrument. A sketch of the 
o{)tical arrangement of the spectrograph is given in Fig. 12.8. 



Fig, 12.8. Photoelectric detection of spectra with a Wadsworth mounting. 

Si, entrance slit; Af, collimating mirror; 0 \ concave grating; 82 , exit slit; P, 
photocell mounted on carriage; P, focal curve along which exit slit and photocell 
move. 
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CHAPTER 13 


Photographic Photometry 


Outstanding advantages of photogkaphic photometry for 
spectroscopic purposes are its high sensitivity, its feature of inte¬ 
grating the light which falls on the emulsion over the entire period 
of an exposure, the possibility it gives of recording the intensities of 
a large number of beams of light (spectrum lines) simultaneously, 
and the fact that it gives a permanent record in simple form. Its 
disadvantages are extreme variation of sensitivity with wavelength, 
non-linearity of response, its requirement of careful control of a number 
of variable factors whose importance is easily overlooked, and the 
delay introduced by photographic processing. The advantages out¬ 
weigh these disadvantages, however, and photographic photometry 
is used widely for determining the relative intensities of spectrum lines 
in the visible and ultraviolet regions, and hence for quantitative 
spectrochemical analysis. 

The properties of the principal photometric methods were com¬ 
pared in Table 12.1. Comparison of beams of different wavelengths, 
called heterochromatic fhotometry^ requires a “neutral” or “non- 
selective” photometric method, in which sensitivity does not vary 
with wavelength. Unfortunately, only the radiometric methods are 
neutral, and these are often insufficiently sensitive to be used directly. 
They can, however, be used to standardize more sensitive non¬ 
neutral methods, which can then be made to serve for heterochromatic 
photometry. The photografihic emulsion is also nonlinear in response 
and therefore must be calibrated at each wavelength in terms of 
beams of light of known relative intensity. 

Many problems, such as those involving measurements of the 
attenuation of a beam of light by absorption, scattering, reflection, or 
interference, require that comparisons be made only between an orig¬ 
inal beam and a weakened Ix^ara of the same wavelength; these 
involve homockromatic photometry, Plate standardization is then not 
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required, but calibration or its equivalent is still needed. Special 
raetliods of homocliromatic photometry have been developed which 
use the photographic emulsion merely as a null indicator or which 
introduce other short cuts that avoid the necessity of direct calibra¬ 
tion; these come under the heading “spectrophotometry” and are 
discussed in detail in Chapters 14 and 16. 

Although i)hotographic photometry and the sensitometry of photo¬ 
graphic emulsions (discussed in (Chapter 7) are superficially similar, a 
fundamental difference exists l>etween them. As most plates and 
films are used for camera photography, commercial sensitometry is 
usually only semiquantitative and is mainly concerned with the 
qualitative response of an emulsion to fairly intense white or colored 
light. Photographic photometry is usually a{)plied to the precise 
quantitative comparison of faint monochromatic beams of light, 
which may be visible or invisible. The proper use of a ]diotographic 
emulsion for intensity measurements requires control of so many 
variable factors that for years the method was believed incapable of 
yielding precise results. However, it is now possible to obtain 
without diffic'ulty photographic results sclf-cjonsistent to within 
per cent. 

13.1. Photometric Characteristics of the Emulsion. The general 
characteristics of the photographic emulsion were discussed in 
Chapter 7. There it was pointed out that the response of an emulsion 
to a beam of light depends on at least seven factors: the intensity i 
of the light, its wavelength X, the time of exposure U the nature of 
the emulsion, and the time, type, and temperature of the develop¬ 
ment it undergoes. In addition, various minor factors must be 
controlled, such as the effe(!t on any developable patch of the condi¬ 
tions in the surrounding emulsion. Because of the difficulty of 
controlling all these factors accurately, photographic photometry 
cannot be used for absolute photometric measurements. It is best 
used as a null method, but if a plate or film is carefully calibrated 
when this method is used, it can be made to function as the equivalent 
of a direct-reading instrument. 

Variable factors can best be controlled by keeping constant those 
which need not vary. In each measurement using homocliromatic 
photometry, only the intensity i of the light beam being measured 
and the density d, which is a measure of this intensity, are essentially 
involved, and all other factors can be kept constant. In hetero- 
chromatic photometry the wavelength X of the light also is varied. 
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Three methods of determining plate response have come into 
common use: (1) measurement of density with a densitometer, whic*h 
is the most direct and precise; (2) estimation of the least visible 
density that can be seen by eye and correlation of this density with 
intensity—a quick and convenient method but only semiquantitative; 
and (3) visual search for adjacent areas of equal density. This last 
is a quick method but usually can be applied only with the special null 
methods of absorption spectrophotometry discussed in Chapter 14. 

The fundamental law of monochromatic photographic photometry 
was first enunciated by Hartmann in 1899 approximately as follows: 
If two light beams of the same wavelength produce equal densities on a 
given plaie in the same time of exposure, they are equal in intensity. 
That is, if all the auxiliary variables are kept constant and di = ^ 2 , 
then ii = h. When two beams of unequal intensity are to be 
compared, one need only determine the ratio by which the stronger 
beam must be reduced in intensity to make its density equal to that 
produced by the weaker beam. With this equality of intensity, the 
emulsion is being used as a null indicator. 

In practice, it is not necessary to make ^2 exactly equal to du 
though the highest precision is attained when this is done, and when 
the two exposed areas are close together and similarly isolated on the 

photographic plate. It is possible 
under controlled conditions to 
determine how d varies with i. 
Then an unknown intensity can 
be interpolated between two known 
values of i, by interpolating the 
density that this intensity pro¬ 
duces on the curve expressing the 
d- log i relation as in Fig. 13.1, 
where a typical calibration curve is 
shown, similar to the characteristic 
curve of § 7.2. 

It is customary to plot density against the common logarithm of 
the intensity producing it, on account of the relatively simple shape 
of the curve which results and for convenience in covering a wide 
range of intensities. Other functions of the blackening of the plate 
and the light intensity could be plotted against one another and could 
be used satisfactorily for interpolation purposes if a smooth and 
reproducible curve resulted. Sometimes d is plotted directly against i 



hoQio Intensity -^ 

Fig. 13.1. Calibration curve re¬ 
lating photographic density to the 
logarithm of light intensity. 
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when work is being done in the underexposure region or with X rays. 
A few workers prefer to use blackening (§ 13.15) instead of density. 
Since the variable that is usually read directly is the galvanometer or 
microammeter deflection of a densitometer, which is inversely pro¬ 
portional to the opacity of the emulsion being measured, it is con¬ 
venient to plot this deflection directly on double logarithmic paper 
so that a curve of d against logio i results. This inverted curve, of 
the form shown in Fig. 13.2, is more convenient than Fig. 13.1 for 
calibration purposes (see § 13.2). 

If the calibration curve is determined over an intensity range 
sufficiently wide that all desired i values can be interpolated, more 
accurate results can be obtained 
than when extrapolation is required. 

Each individual plate or film used 
must be calibrated, preferably at 
wavelengths within 25 A of all 
wavelengths reduced. It is not 
satisfactory to expose two plates or 
films simultaneously, develop and 
fix them together, and then meas¬ 
ure one in terms of a calibration 
curve determined on the other. 

Because every emulsion varies somewhat in sensitivity over its 
surface, it is wise to keep calibration and unknown exposures as close 
together as possible. It is also desirable, because of the Eberhard 
effect (§ 7.13), to surround known and unknown spectral regions to 
be measured by areas of similar density. Thus it is unwise to calibrate 
a plate by means of a continuous spectrum if individual spectrum lines 
are to be measured on it; artificial spectrum lines should be produced 
by using a diaphragm to cut off parts of the continuous spectrum, care 
being taken to avoid errors due to diffraction. 

Since film is coated in large areas that are cut up subsequently, 
films are likely to be more uniform than plates, which are coated on 
the concave side of sheets of glass of only moderate size and later are 
cut into several pieces over which the thickness of the emulsion may 
vary somewhat. 

To fulfill the condition that the wavelengths of the unknown and 
calibration exposures should be the same, a plate should be calibrated 
not merely with another spectrum line of the same wavelength but 
preferably with one of the same shape, size, and other characteristics. 


Log,o 

Deflection 



LoQio Intensity — 
Fig. 13.2. Calibration curve 
lating densitometer deflection 
light intensity. 
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to reduce errors due to the Eberhard effect. This recommendation 
suggests the desirability of actually using the line under measurement 
to produce its own c*a1ibration cmrve, as is done in the single-exposure 
automatic calibration methods discussed below. Keeping the time, 
temperature, and character of the development the same for both 
the known and unknown exposures presents no problem if we put 
both on the same piece of plate or film and arrange that the developer 
he evenly distributed by one of the special methods discussed later. 

Much work has been done on the exact form of the relationship 
between the different variables mentioned above. This information 
is largely irrelevant to the purposes of photometry, since in prac‘tical 
work we can achieve the desired results without it. However, knowl¬ 
edge of the qualitative relationships between the variables is con¬ 
venient as a guide in selec'ting the best working conditions for photo¬ 
graphic photometry. These are discussed in Chapter 7. 

The photographic plate as ordinarily used commercially is exposed 
to white light for a small fraction of a second. There is a large 
literature dealing with the characteristics of emulsions under these 
conditions. Much less is known regarding their behavior when 
exposed to monochromatic light for minutes and hours. Plates and 
films are used on three illumination levels, which have been called, 
resp)ectively, the photographic level, the spectrographic level, and the 
afftronomical level. These may be taken as involving light-intensity 
ratios of approximately 1,0()(),000 to 1000 to 1, corresponding to times 
of exposure of 0.02 sec, 20 sec, and 5 hr. Qualitatively, the re¬ 
sponses of an emulsion are similar under these three conditions, but 
they differ greatly quantitatively. 


HOMOCHROMATIC PHOTOMETRY 

Homochromatic photometry can be used whenever a beam of light 
is to be compared with itself after being absorbed, scattered, or 
attenuated by other means, or when two or more spectrum lines 
having wavelengths not more than 25 A apart are to be compared. 
It is also the first step in heterochromatic photometry, which can be 
thought of as a number of separate problems in homochromatic 
photometry that must be correlated. Homochromatic photometry 
requires calibration of the response of the emulsion to light of varying 
intensity. 
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13.2. Calibrating the Emulsion. An obvious method of calibrat¬ 
ing the emulsion would be to expose various areas on it to a spectrum 
of constant intensity, for equal times of exposure, through a series 
of neutral filters that transmitted equal fractions of the light of 
each wavelength to the plate. The undiminished light intensity 
at each wavelength could then be called 100, and that passing through 
each succeeding filter might be 70, 50, 30, 15, 8, 4, and 2 per cent. 
The densities produced by each intensity at eatth wavelength in a 
specified time of exposure could then be measured on a densitometer, 
aiul (‘alibration curves could be plotted for important spectrum lines 
spaced not more than 25 A apart over the spectrum range to be 
covered. Curves of the type shown in Fig. 13.3 would be obtained. 

Unfortunately, truly neutral filters are not available, and filters 
called neutral show variations in transmission with wavelength that 
may amount to 10 per cent or more in the visible region alone. In 
recent years, however, it has been demonstrated that the rotating- 
sec^tor disk, if operated under (carefully controlled conditions, can be 
made the equivalent of a neutral filter, and this is the most commonly 
used method of varying light intensity. 



Log,o Intensity-- 

Fig. 13.3. Calibration curves for different wavelengths. (Each curve is 
plotted to the same scale but with different origin to prevent overlap.) 

Various methods that have been used for imposing intensity calibra¬ 
tion marks on photometric plates are listed in Table 13.1, where they 
are grouf>ed as single-exposure methods and multiple-exposure meth¬ 
ods. If various parts of a single beam can be sent simultaneously 
through different weakeners, it is unnecessary to use a steady source; 
but if multiple-exposure methods are used, the light intensity must 
not vary between one exposure and the next. The single-exposure 
methods are in turn divided into those in which the light being meas¬ 
ured can be used to produce its own calibration marks and those 
which require an auxiliary source, which need not, however, be steady. 
In general, Table 13.1 is laid out with the most convenient methods of 
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calibration at the top, so that in selecting a method it is necessary only 
to run down the column until a method that will fit the circumstances 
is reached. 

It is desirable to use the spectrum being studied as its own calibra¬ 
tion spe(4rum whenever possible, since this method reduces errors due 
to the Eberhard effect (§ 7.13), results in a great saving of plate space 
and time (since only one exposure is needed to produce all the calibra¬ 
tion marks), and ensures constancy of exposure time. Also, a 
number of determinations of each intensity ratio desired can be ob¬ 
tained from each pair of lines, since each appears at several densities. 

When two lines being compared have the same wavelength, their 
two calibration curves should be identical but displaced owing to the 
different intensity scales, and the amount of this displacement gives 
the intensity ratio of the two lines. This method enables one to 
determine the intensity ratio from the whole course of a curve, as in 
Fig. 13.4, rather than from a single point on it. When available, this 
method is usually more convenient and precise than any other, and 
always more rapid. It is listed in Table 13.1 as a single-exposure 
autocalibration method. 



Log,Q Exposure -^ 

Fig. 13.4. Determination of intensity ratio for two spectral lines of same 
wavelength. The two curves are plotted to the same scale, and their separation 
gives log Ia — log is = log 

When this method cannot be used, a number of separate exposures 
of equal duration must be made, requiring use of an auxiliary source 
unless the source of light being measured is steady during the time 
required to take all necessary exposures. 

Although the nonneutral or selective methods given in Table 13 1 
are capable of giving results as accurate as the neutral methods, they 
are less convenient because different transmission values must be 
plotted at each wavelength. Under several of the methods listed 
in Table 13.1 will be found two alternatives which differ only in that 
one produces step spectra as shown in Fig. 13.5a and the other wedge- 
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spectra,* shown in Fig. 18.5b. The step spectra are more convenient 
for densitometer use since positions along the line can be determined 
more readily. The wedge spectra are designed primarily for use with 
the limiting density methods discussed below, which are somewhat 
less precise than densitometer methods, though simpler. 

13.3. Methods of Varying Light Intensity. 

1. Step sector or logarithm sector disk at spectrograph slit. This 
method is widely used on account of its convenience. It has been 
the subject of much controversy because the average intensity of liglit 
falling on the plate is varied, rather than the actual intensity. The 
investigations of Twyman,^ of O’Brien,*^ and especially of Webb,^ have 



Fig. 13.5. (a) Short portion of a step spectrum, (b) Short portion of a wedge 

spectrum. 

justified its use under controlled circumstances. Webb’s results 
indicate that an intermittent exposure is equivalent photographically 
to a continuous exposure when the rate of flash is so great that each 
grain of the emulsion receives on the average not more than one 
quantum of light per flash. It is now realized that frequency of flash 
was the critical variable that caused such lack of correlation among 
the results of many earlier workers. Webb showed that for each 
intensity, emulsion, and wavelength a critical frequency of flash exists 
above which it is safe to use intermittent exposures as equivalent to 
continuous. The critical frequency for ordinary conditions is of the 

* A term derived from the use of wedge-shaped cells or filters varying in density 
from top to bottom. 

^ F, Twyman and A. Harvey, Trans. Opt. Soc. (Tjondon), 33, 1 (1931-S2). 

® B. O’Brien, Phys. Rev., 33, 640 (19^9); B. O’Brien and E. D. O’Brien, Phys. Rev., 
37, 471 (1931). 

« J. H. Webb. Jour. Opt. Soc. Am., 23, 157 and 316 (1933). 
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order of ten flashes per second; to be safe, however, a rotating-sector 
disk should be run as rapidly as possible, preferably at a speed greater 
than 1200 rpm. The greatest reciprocity and intermittency failures 
occur when the quanta are small (infrared region), the emulsion grain 
small (slow plates, films, or papers), or the intensity high; but even 
under such conditions O’Brien and Parks^ showed that suflSciently 
high sector speeds could be used to give accurate results. Strobo¬ 
scopic effects must of course be avoided if AC-operated sources are 
used. 

Convenient forms of step and wedge sectors are shown in Fig. 13.6. 
These disks can be obtained commercially, or may readily be filed out 
of thin disks of aluminum, appropriate counterweights being added 
to balance any asymmetry. They may be mounted on the spindle 
of a small motor and placed directly in front of the slit of a stigmatic 



(a) (b) 

Fig. 13.6. (a) Step-sector disk (logarithmic), (b) Wedge-sector disk 

(logarithmic). 


spectrograph. The motor should be so fastened that any vibration 
which it may produce will not affect the spectrograph. 

Errors to be guarded against arise from running the disk too slowly 
or from using it in such a way that all parts of the spectrograph col¬ 
limator are not simultaneously filled with light during a flash. Under 
these conditions the resolving power of the spectrograph and the 
shape of the spectrum lines may be changed, and the intensity steps 
may not be truly neutral. The cutoff edge of the disk should be 
mounted accurately parallel to the spectrograph slit. 

2. Step weakener or wedge at slit. To avoid any possibility of errors 
due to reciprocity or intermittency failures, a step weakener or an 


* B. O’Brien and V. L. Parks, Pkys. Rev., 41, 387 (1932). 


§13.3] PHOTOGRAPHIC PHOTOMETRY 337 

optical wedge can be used at the slit. Unfortunately, no substance 
has been discovered that reduces light uniformly throughout the 
spectrum, so a truly neutral wedge does not exist. It is, however, 
possible to measure the transmission of each step of such a weakener 
by means of a thermoelectric or photoelectric photometer, used in 
conjunction with a quartz-mercury arc and monochromator. Figure 
13,7 shows typical calibration curves for the various steps of a 
platinum-on-quartz step weakener. In making such a calibration it 
is not safe to assume linearity of density with thickness. Monel or 
aluminum evaporated on quartz gives weakeners that are approxi¬ 
mately neutral throughout the visible and ultraviolet. 



Fig. 13.7. Calibration curves for a platinum-on-quartz step weakener. The 
steps are numbered in order of increasing density. 

For the visible and photographic infrared regions, a weakener can 
be produced by exposing a photographic plate, preferably one of fine 
grain such as a contrast or positive plate. Absorption and scattering 
produce the desired reduction of intensity, but both vary rather 
rapidly with wavelength. 

A step or wedge reducer must be uniformly illuminated along its 
length, and obtaining this uniformity may present difficulties. Ac¬ 
cepted methods are discussed in § 6.6. In selecting a method of slit 
illumination, it should be borne in mind that the resolving power of 
the spectrograph may be lowered if an image of the source is focused 
on its collimator so that it is not illuminated with coherent radiation. 
In order to make sure that uneven illumination of the slit has not 
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affected the intensity ratios, it is desirable to invert the step weakener, 
wedge, or sector frequently so that such effects will tend to cancel out. 

3. Step diaphragm before the slit. Diaphragms in which steps 
equivalent to those of a step weakener are produced by geometrical 
means have been described by several workers.^ Diaphragms having 
steps of various lengths are introdueed into the beam, and by means of 
astigmatic focusing the illumination on each part of the slit is made 
proportional to the length of one of the steps. Wide departures from 
spectral neutrality can sometimes occur with such diaphragms be- 
cause of changes in the illumination of the spectrograph from one step 
to the next. Though this method is suited only to use with a stigrnatic 
mounting, Frerichs^ has used step diaphragms with a Rowland mount¬ 
ing by placing the diaphragm at the position of the vertical astigmatic 
focus outside the slit, as in Fig. 13.8. Only a limited spectral region 
can be photographed at one time by this means, however, since the 
position of the step diaphragm must be shifted for each new wave¬ 
length setting. This method is frequently used with spectrographs 
using the Eagle mounting. 

4. Step weakener or wedge at the plate. Concave grating mountings 
and certain types of prism spectrographs are frequently so astigmatic 
that the methods listed above cannot be used, since any point on the 
slit is drawn out into a vertical line in the spectrum. In the Paschen- 
Runge and Eagle mountings, for example, long astigmatic lines are 
produced with central portions that may be uniform in intensity and 
hence ideally suited for superposition of intensity-reducing devices. 
This condition suggests placing a reducing wedge or weakener directly 
in front of the plate and photographing the lines through it. This 
method is practicable when narrow multiplets or Zeeman or Stark 
patterns are to be measured, but a reducer that will cover more than 
a few inches of plate is seldom available. 

5. Step slit or wedge slit. With a stigrnatic spectrograph having a 
fairly long slit, one can use a slit having varying widths along its 
length. In this method, when calibrations are made by means of a 
source with a continuous spectrum, a spectrogram consisting of 
several bands having known relative intensities is obtained, just as in 
the case of the step-weakener or step-diaphragm methods. The 


® G. Hansen, Zeitschr. f. Phys„ 29, 356 (1924); A. von Hippel, Ann. d. Physik, 80, 
672 (1926). 

®R. Frerichs, Zeitschr.f. Phys., 30, 524 (1926), 
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method has been successfully used by Ornstein and his collaborators' 
(see General Reference 13.1) in the visible region and in the near 
ultraviolet, where an incandescent lamp can be used to give tne con¬ 
tinuous spectrum, and by Thompson and Duffendack* in the ultra- 



* 


Fig. 13.8. Step diaphragm as used with a Rowland mounting by Frerichs. 
The rotating diaphragm, D, is located on the tangent, T, to tlie Howland circle. 
R, at point P. The line A is the avis of rotation of the diaphragm, and as the 
diaphragm rotates, a mask M rotates synchronously about axis A' in front of the 
plate P This mask contains slits that cause a fixed part of the spectral line 
image to be photographed through a given step in the rotating diaphragm. 

violet, using a hydrogen discharge tube as a continuous source. It 
can be used also with lines which are broader than the slit. 

The method has limited application, because the slit must never 
be so narrow that diffraction produces errors or so broad that over¬ 
lapping of wavelengths becomes important. Also, the fact that a 

»L. S. Ornstein, Phys. ZeiUchr., 28, 888 (1927): Proc. Roy. Soc. (London), 37, 
B.Thompson and O. ?. Duffendack, Jour. Opt. Soc. Am.. 23, 101 (1933). 
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continuous spectrum is being used to calibrate a plate on which line 
spectra are being measured may cause large errors due to the Eber- 
hard effect. The form of wedge slit illustrated in Fig. 13.9 will be 
found useful, the width of the slit varying logarithmically along its 
length. 

6. Multiple-exposure methods. If it is necessary to use a multiple- 
exposure method, a steady source must be provided. An incan¬ 
descent lamp is usually satisfactory for the region 10,000 to 3800 A 
(or to 2800 A if a quartz window is provided), a quartz-mercury arc 
for the region 5800 to 2300 A, and a hydrogen discharge tube for 
7000 to 900 A. Steady sparks between rotating electrodes also can 
be used for calibration. 

One of the simplest methods of intensity variation is that in which 
the cross section of a collimated beam of light is altered by means of 



Fig. 13.9. A wedge slit whose 
width varies logarithmically 
along its length. (Magnified 
horizontally.) 



Fig. 13.10. A rotating-sector 
diaphragm. The open sectors 
are made variable so that aver¬ 
age intensity can be varied. 


a diaphragm of variable aperture. This change may be made readily 
when the beam in which the aperture is placed is of uniform cross 
section for all wavelengths used and when all wavelengths are treated 
alike by the spectrograph. These conditions are difficult to fulfill, 
however, since most lenses have zonal variations of focus and trans¬ 
mission. A diaphragm of the shape shown in Fig. 13.10 may serve 
with a spectrograph, but it may cut the resolving power in half if 
placed so as to reduce the apparent width of the dispersing unit, and 
such a system should be calibrated at selected wavelength.*?. 
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Wire-gauze screens^ are effective multiple-aperture diaphragms that 
avoid the difficulties outlined in the preceding paragraph, but they 
may introduce diffraction errors unless handled carefully as described 
in the references. They should have tlK'ir transmission factors 
(ralibrated under the conditions of use, wliereupon tliey are usually 
found to be sensilffy neutral. They should be kept in continuous 
relative oscillating motion when used in multiple. 

If the transmission factors of a series of (approximately) neutral 
filters are known at various wavelengths over the spectral range de¬ 
sired, a method is available that is useful for revealing liidden errors 
in other methods of calibration. The filters are introduced into the 
beam, y)referably where it has a large c*ross section, one at a time or 
in grou}>s, since they are additive in density. Care must be taken 
to see that all filters are plane, because any prismatic cffec^t may cause 
some light to be thrown off the slit and thus introduce refraction 
errors. Interreflection effects between slit jaws and filters should also 
be avoided. 

The inverse-square law gives a fundamental method of varying 
light intensity. This method is very useful for testing the accuracy 
of other methods directly, since it ca:i be used with a sufficiently 
intense source that ai)proximates a point. A mat surface, such as a 
quartz disk with both sides rough-ground, is placed at the normal 
position of the light source being studied and is illuminated by an 
intense source, su(*h as a short section of mercury arc or an incan¬ 
descent lamp, placed on an optical bench at an adjustable distance 
from the scattering surface. 4^116 intensities at the mat surface are 
accurately proportional to the inverse square of the distance between 
source and scatterer if the distance is large in comparison with the 
effective source size (say ^OX). It is particularly necessary to keep 
out stray light and to avoid atmospheric refraction and absorption 
in long paths. 

Variation of exposure time, so commonly resorted to because of its 
simplicity, should be used only as a check on the other methods, or 
when the reciprocity failure of the plate is determined directly, as in 
the fluorescence method of Harrison and Leighton.^® Under no cir¬ 
cumstances should it be trusted for use with a given type of emulsion 


» L. B. Ham, D. H. Fehr, and 0. Bitntr, Jour. Franklin 178, 299 (1914); G. R 
Harrison, Jour. Opt. Soc. Am., 18, 492 (1929), 

R. Harrison and P. A. Leighton, Jour. Opt. Soc. Am., 20, 313 (1930); Phys. 
Rev., 36, 779 (1930). 
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just because someone else found that this emulsion obeyed the 
reciprocity law. Reduction of intensity by v^arying* the excitation of 
the source or by using polarizing apparatus, though of value in other 
methods of photometry, has little application in photography. 

Calibration exposures may be made with a spectrograph different 
from that used for {diotographing the spectrum to be measured, but 
great care must be taken to control scattered and false light and to 
ensure that the Ebcrhard effect associated with differences in line 
shape will not affect the results. 


HETEROCIIROMATK^ PHOTOMETRY 

13.4. Uses of Heterochromatic Photometry. When we wish to 
compare two beams of light having different wavelengths or to meas¬ 
ure the relative intensities of two spectrum lines more than 25 A 



Fig. 13.11. Three-dimensional plot of the relation between density, log intensity, 

and wavelength. 

apart, a new step must be added that is not involved in homochro- 
matic photometry. This step is designed to take account of the 
variation in sensitivity of the emulsion with wavelength, whereas in 
homochromatic photometry throughout a range of spectrum we need 
take account only of the variation of contrast with wavelength. 

In homochromatic photometry each calibration curve is deter¬ 
mined by producing known variations in the unknown but fixed 
intensity of a light beam. The additional step in heterochromatic 
photometry involves determining the intensities used for the different 
calibration curves. It is usually not convenient to take this step 
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by determining the intensity variation with wavelength of the source 
used for calibration. Instead, additional exposures are made to a 
source whose intensity distribution is known throughout that f>art of 
the spectrum being studied. This process is called plate standardiza¬ 
tion. 

The basis for heterochromatic photometry is illustrated in Fig. 
13.11. The three-dimensional plot in the figure gives the relation 
between density, log intensity, and wavelength for a typical emulsion. 
Calibration curves at the various wavelengths appear as plane sections 
cut through the surface of this plot i)erj)endicular to the wavelength 
axis, and the process of standardization consists in determining the 
relative intensity values that will put the calibration curves in their 
proj)er positions along the log i axis (see General Referenc^es 13.*2 
and 13.3). 

13.5. Light Sources for Standardization. C'oinmonly used stand¬ 
ard sources are the blackbody (§ 8.5), whose spectral energy dis¬ 
tribution is known theoretically, sources of continuous radiation 
(§§ 8.6 and 8.7) having known emissivity, and sources which have 
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Fig. 13.12. The quartz mercury-arc spectrum. 

such steadiness that their spectral-energy distribution can be meas¬ 
ured directly with a monochromator or thermopile or other non- 
selective radiometer. 

A convenient source for use in standardizing plates in the visible 
and ultraviolet regions is the quartz-mercury arc, operated at con¬ 
stant (‘urrent and temperature so that the voltage drop across it and 
the pressure within it remain constant throughout the exposure series, 
as discussed in § 8.14. A quartz monochromator can be used to 
separate the various mercury lines, which are intense and well 
separated in groups that can be identified readily. The mercury 
spectrum contains strong lines well spaced in the range 5800 to 
2300 A, as shown in Fig. 13.12 and listed in Table 9.1. 

The transmission of the monochromator for various wavelengths 
is first measured, preferably with another monochromator and a 
photoelectric cell or thermopile. It is important to ensure that all 
diaphragms and other stops in the second monochromator be ad¬ 
justed exactly in the manner in which they will be used later in making 
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the intensity-distribution measurements. The slit of the first mono¬ 
chromator is made sufficiently wide that all mercury lines or line 
groups are flat-topped, and the light passing from this slit through the 
entrance slit of the second monochromator is then measured at some 
convenient wavelength. A similar reading for the same setting is 
then made by moving the radiometer so as to intercept all the light 
passing through the exit slit of the second monochromator. The 
ratio of the two deflections gives the transmission of the second 
monochromator at that wavelength, if the radiometer has a linear 
response. These readings are then repeated throughout the spec¬ 
trum. Transmission factors for a typical quartz-prism mono¬ 
chromator are given in Table 13.^. 

TABLE 13.2 

Measured Transmlssion Factors for a Typical Quartz- 
Prism M ONOCTIKOM A TOR 

Per Cent 

Wavelength T ran.wi ission 


2000 A . 14 

3000 . 20 

4000. 34 

5000. 38 

0000. 41 


Once such a transmission curve has been determined for a given 
monochromator, it can be used with thermoelectric or other spectrally 
neutral radiometric equipment to measure the actual amounts of 
energy in the spectrum of a mercury arc or other steady source run 
under constant conditions. This spectrum can then be impressed 
on the photographic plate that is to be standardized. 

It may be necessary to reduce the intensity of the light from the 
mercury arc by some method approaching neutrality as closely as 
possible, to the point where it will produce densities in the range 0.3 
to 1.5 during the exposure time used on the plate being standardised. 
The principal errors of heterochromatic photometry arise from the 
difficulty of bridging this gap between the lowest intensities that can 
be measured precisely with a neutral radiometer and the highest 
intensities that can be recorded in a suitable time of exposure on the 
photographic plate. This gap may in some cases exceed 1000 to 1 
and can probably best be bridged by a combination of a rapidly 
rotating sector disk and a spc^nally calibrated screen. 
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A somewhat more (lire(!t method of standardization, especially 
useful in the visible region, involves use of a blackbody operated at 
a known temperature as measured by an optical or other pyrometer. 
The energy distribution can be determined from Wien’s law cast in 
the following form; 
logio I 

== 28.532 - 5 login X - antilog (7.7939 - logm X - logm T) (13.1) * 
or from tables (§ 8.4). To ensure the blackbody character of the 
radiation used, simply take the radiation from the inside of a V-shaped 
hollow in the side of a graphite rod. A convenient blackbody is 
described by Harrison,and other forms are discussed in General 
References 13.3 and 13.4. 

The principal limitation of the use of the blackbody is that at all 
practicable temperatures the intensity falls rapidly in passing from 
the near infrared to the ultraviolet, and the radiation is usually not 
of sufficient intensity to be used for standardizing plates at wave¬ 
lengths shorter than 3000 A. Also, a continuous spectrum is pro¬ 
duced, so that the Eberhard effect is likely to cause error unless the 
spectrum is artificially broken up into “spectrum lines” of the approxi¬ 
mate size and shape of those being measured. 

A tungsten filament can be used as a standard sour(*e, especially if 
it is of the ribbon type made for radiometric purposes. The coiled 
filament is not so useful, because the temperature varies greatly over 
the surface of an individual coil. Since tungsten is not a true black¬ 
body, its color temperature must be used instead of its true tempera¬ 
ture. The brightness temfierature of the filament can be determined 
by means of an optical pyrometer. Tables giving the conversion 
from brightness temperature to color temperature or from brightness 
temperature to true temperature to color temperature are given in 
Chapter 8 and in the International Critical Tables. The actual 
temperature of the filament is likely to vary considerably along its 
length, and its brightness temperature should be determined on the 
actual area which is used to produce the standard spectrum. 

When a continuous spectrum is used for standardization, it is neces- 
•iary to correct the actual emissivity values for the dispersion of the 
spectrograph, since the radifition is spread thinner where the disper- 

* In this expression, I is in watts per cm* of blackbody surface per angstrom of 
spectral range, X is in angstroms, and T is in °K. 

G. R. Harrison, Jour, Opt. Hoc. Am., 19, i290 (1929); H. B. Dorgelo, Phys. Zeitschr., 
26, 767 (1925). 
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sion increases. With line spectra this correction is not necessary, 
since all of the energy pf a spectrum line usually goes into the radi¬ 
ometer regardless of effective slit width. 


APPARATUS AND METHODS FOR 
PIIOTOCiRAPHIC: PHOTOMETRY 

13.6. Selection of the Spectrograph. For photographic photom¬ 
etry a spectrograph should he selected which will permit a fairly large 
number of exposures to be taken on a single plate and which is as free 
as possible from scattered light. The latter consideration makes the 
Littrow mounting and those mountings in which light traverses a 
prism more than once less satisfactory than other spectrographs. A 
spectrograph having dispersion as great as is consistent with other 
requirements should be selected, inasmuch as higher dispersion yields 
higher precision in wavelength measurements on continuous spectra 
and allows wider slits to be used with line spectra. Increased disper¬ 
sion also reduces the intensity of the continuous background relative 
to the lines, and diffraction errors of the type discussed below are 
decreased as the dispersion and slit width are increased. In photo¬ 
graphic photometry the slit is often made as much as 10 times as 
wide as is suitable for wavelength measurements, to obtain flat- 
topped lines. In general, concave grating spectrographs are some¬ 
what more convenient and flexible for photographic photometry of 
line spectra than are prism instruments. 

For measuring relative spectrum line intensities, it is not necessary 
to know the transmission of the spectrograph, since under proper 
conditions of illumination, transmission losses affect unknown and 
standard beams alike. 

13.7. Selection of the Emulsion. From among those types of 
emulsion which are sensitive in the spectral regions desired, one having 
good photometric characteristics should be chosen. Usually an emul¬ 
sion of medium contrast and speed will be found most useful. Fast 
emulsions, which usually have low contrast, are undesirable for 
photometry because large variations in intensity produce only small 
variations in density. Also, large errors may result from the tendency 
of a fast emulsion to fog, and from its high sensitivity to pressure, 
temperature, and humidity effects. On the other hand, plates having 
very high contrast can be used over only a narrow intensity range, 
and one is likely to find it necessary to work on the under- and 
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overexposed portions of the curve where the rapidly changini^ slope 
increases the error of interpolation. Though it is not at all necessary 
to restrict rneasuremenls to the straight-line portion of a calibration 
curve, a fairly long straight-line portion with a slope of 45 deg is likely 
CO he found most convenient. 

Certain types of emulsion liave multiple coatings of different speeds. 
Such emulsions should be avoided for i)hotometric purposes, since 
they often show a change in contrast in the middle of the calibration 
curve. The advantage of having a number of points lying in a 
straight line is then lost. 

Although it is, of course, necessary to use dyed and coated emulsions 
in certain regions of the spectrum, each additional treatment of an 
emulsion increases the possibility of variation over its surface, so 
‘‘clear-working” plates, showing little residual dye, should l)e used 
when possible. Schumann plates are so nonuniform as to be unde¬ 
sirable for photographic photometry, and special me! hods must be 
used in the extreme ultraviolet (§ 19.7). 

Plates to be used for photographic photometry should always be 
stored on edge in a cool place to reduce pressure marks and fogging. 
No intensity marks or other important exposures should be made 
within § in. of the edge of a plate. 

13,8. Timing the Exposure. Usually it is not necessary to know 
the exact duration of an exposure, but merely to ensure that all 
exposures to be compared are of the same duration. There is a 
certain amount of choice in the time of exposure to be employed 
unless the light source is very weak, since it is always possible to 
reduce the intensity of a strong source by changing the mode of 
illumination of the spectrograph. If such a change is necessary, it 
should be made to give a time of exposure of at least 1 min., (a) 
because the response of the emulsion is somewhat more uniform to 
a moderate rate of illumination, (b) because the effect of short-time 
fluctuations in the intensity of the light source will then be averaged 
out, and (c) because timing of the exposure can be more precise. The 
most satisfactory exposure time is usually from 1 to 3 min. 

When ex]:)Osures of 5 min or longer are used, a hand-operated 
shutter, or a card held in front of the slit, can be timed with an 
ordinary watch. For exposure times between 1 sec and 5 min, a 
magnetically operated shutter run by impulses from a clock beating 
seconds, or from an electric clock, is useful. For exposures that must 
be less than 1 sec in duration, a double-sector disk is effective. This 
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disk consists of two coaxial disks arranged to rotate at a known speed 
ratio with a single sector cut out of each. One disk moves so slowly 
that the spectrografdi shutter can be opened or closed conveniently 
during a single revolution. The operator opens the shutter while the 
light beam is cut off by both disks. The slow disk then allows the 
beam to strike the fast sector, which shortly thereafter permits the 
light to fall on the slit for a brief exposure. Before it can repeat this 
operation, the slow sector has again cut off the light; and before the 
slow sector opens again, the spectrograph shutter has been closed. 

13.9, The Brush Effect. It is probably desirable in photometry 
to let a longer time elapse between the last exposure on the plate and 
the beginning of development than has elapsed between the first and 
last exposures, because of a phenomenon known as the Brush effect}'^ 
Although the existence of this effect has been the subject of much 
controversy, the evidence seems to indicate that something of the sort 
occurs. The effect involves a progressive change in the latent image 
during the time between its production and its development. To 
avoid possible errors from this cause, exposures that are to be com¬ 
pared should theoretically be allowed equal times to change. It 
would be undesirable, for example, to expose a plate to an unknown 
spectrum one day and to the calibration and standardization ex¬ 
posures the next morning just before development, not only because of 
possible Brush effect but also because the humidity and temperature 
of the plate may affect its sensitivity to a slight extent. 

13.10. Processing the Spectrogram. Photographic photometry 
requires close control of development. A developer should be chosen 
which will not stain the emulsion and which will keep chemical fog 
and Eberhard effect (§ 7.13) to a minimum. It has been claimed that 
Rodinal produces less Eberhard effect than other developers. The 
most effective method of reducing the Eberhard effect is that sug¬ 
gested by Clark,^^ in which the plate is brushed continuously through¬ 
out development. The intimate contact of the brush removes the 
developer from the regions where it has been depleted and mixes it 
thoroughly. Rocking the trays is insuflScient because it does not 
remove the thin adhering layer of developer next to the emulsion. 
Various workers’^ have described devices for mechanical agitation 

^ C. F. Brush, Phys. Rev,, 3, 241 (1910). 

W. Clark, Phot Jour., 65, 76 (1925). 

G. M. B. Dobson, I. 0. Griffith, and D. N. Harrison, Photographic Photometry. 
London: Oxford University Press, 1926, page 121. 
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during development, but the brush method is simpler and more 
effective. 

To obtain the greatest uniformity over the emulsion surface, 
development should not be unusually rapid, because high speed may 
result in uneven penetration of developer. On the other hand, 
<leveloprnent should not be unduly slow because of tediousness in 
carrying out the development process. Development should be 
allowed to proceed fairly well toward completion, or so that it will 
give, with a plate of moderate contrast, a characteristic curve whose 
straight-line portion has a slope of about 45 deg. 

Development should be carried out in the dark in developer of 
carefully controlled temperature and for a time accurately measured 
with a stop clock. After development, the plate should be processed 
as outlined in § 7.10. 

It is often desirable to reduce the time 
re(|uired for processing plates when high¬ 
speed quantitative spectroscopic analysis 
is involved, and many of the j)rocedures 
outlined (mn be simplified. Eastman spec- 

troscopic plates have been produced to determined by 

permit development in a much shorter time eye. 
than is required by the ordinary emulsion. 

To test whetlier a photometric method is satisfactory, a sample 
plate of the type to be used may be exposed in a darkroom to a light 
placed as far away as possible, so as to get uniformity of illumination, 
and then developed and fixed under the standard conditions chosen. 
Test areas measured on a densitometer will then reveal the uni¬ 


formity of response over the surface of the emulsion. When the 
spectrum being measured, the calibration spectrum, and the stand¬ 
ardization spectrum are taken on the same plate under conditions 
which give uniform response over the entire plate in such a test, 
photometric errors should be small. 

13.11, Short-cut Methods of Photographic Photometry, Simple 
methods of photographic photometry that use the emulsion as a null 
indicator have been developed. It is easy to locate by eye two 
contiguous areas of equal density in two photometric strips varying 
in density in opposite directions, as in Fig. 13.13. Since other vari¬ 
ables are kept identical in the two exposures, equality of density 
indicates equality of intensity. The minimum density at which a 
line fades into the background can also be used as an indication of 
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intensity. These methods when carefully controlled can be used to 
give ])recision to within 5 to 10 per cent and make possible rapid 
determination of the course of an absoryjtion curve, for example, over 
a long spectral range. Such methods are discussed in Chapter 14 
under Absorption S])ectrophotometry. 

Hy means of of)tical (comparators it is possible to bring into ap¬ 
parent juxtaposition the lines of two vSpectra as in Fig. 13.14 (§ 16.13) 

and to adjust one of them until 
points of equal density are 
matched. This method is con¬ 
siderably superior to that involved 
in determining the end point of a 
line, since the minimum observ¬ 
able density has low sensitivity 
because of the very low contrast 
of the emulsion at this point in 
(a) (b) the (*hara(deristic curve. When 

Fig. 13.14. Matching of two spectra two line.s varying logarithmically 
by means of an optical comparator. in intensity along their lengths 

In (a) are shown two spectrum lines ^re brought into juxtaposition, 
photographed through a logarithmic . ... 

sector. The two rectangles represent tbey can be compared along their 
two different fields of view of the com- entire lengths, 
parator that can be translated hori¬ 
zontally and vertically so that any part 

of line 2 can be brought into coin- DENSITOMETRY 

cidence with any part of line 1. In 

(b), / shows the distance through which The den.sity of the .silver deposit 
line 2 has to be translated to match the . .. » . . , • 

density of line 1. t may be read ^ny portion of a photographic 
directly from the comparator. emulsion is most readily measured 

with a densitometer, a photometric 
devi(^e designed to determine the reduction in intensity of a beam of 
light when sent through a restricted area of the emulsion. When the 
area is small, as in the case of a spectrum line, the instrument may 
be called a microdensitometer; it is sometimes incorrectly referred to 
as a “microphotometer” (General References 13.2-13.5). 

Fundamental features of a densitometer are a source of light that 
provides a beam to measure the plate, provision for ensuring that this 
beam passes through only that part of the emulsion which is to be 
measured, and a device to compare the intensity of the beam of light 
after passing through the exposed emulsion to that of the same beam 
passed through an unexposed area of emulsion. Most densitometers 
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utilize thermoelectric or photoelectric devices for measurement of the 
beam, though a few less pre(?ise instruments use eye>match methods. 

13.12. Densitometers. Densitometers may be classified as 
direct-reading, in whicli the deflection is a function of the density of 
the plate, and mdl instruments, which permit matcliing of an unknown 
density by an equivalent known density. Direct-reading den¬ 
sitometers are of the recording type, in which the deflection of the 
indic ating devic*e is recorded on paper or on a photographic plate or 
film, and the ^spotting or nonrecording type, in which deflections are 
read only at selec*ted locations, as for example on the flat tops of 
certain spec*triim lines Many densitometers are of the projection 
tyi)e, in which an area of the emulsion immediately surrounding the 
part being measured can be observed visually immediately before or 
during measurement. 

A densitometer may determine either diffuse or specular densities. 
In measuring diffuse density, all the light passing through the emul¬ 
sion uj) to a considerable angle is included in the emergent beam, 
which is then compared to the incident beam. Specular density, on 
the other hand, is determined by including only that ])art of the light 
which continues in the direction of the original beam. Specailar 
density is thus always greater than diffuse density for a given silver 
deposit. Most microdensitometers used in si)ectroscoj)ic work meas¬ 
ure specailar densities. 

The density of a silver deposit varies considerably with the color 
of the light used to measure it. A densitometer that uses blue light, 
for example, will give entirely different density readings for a given 
deposit from one using red light. This effect makes it necessary to 
keep as constant as possible, during the measurement of a given plate 
or film, the temperature of the densitometer lamp filament and the 
arrangement of all optical parts used. In photometric work, only 
densities on a given plate are compared, so that this requirement offers 
no difficulty, and changes made between plates are of no conse¬ 
quence. 

Figure 13.15 shows the optical system of a typical microdensitome¬ 
ter. Two beams may be supplied, one with which to inspect the plate 
to aid in locating the exact spot to be measured and a second to carry 
out the measurement. Often the first beam is converted into the 
second at the moment of measurement by insertion or removal of a 
lens, and sometimes of a filter. Unless care is taken, light scattered 
in the optical system of the densitometer will produce errors in 
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reading.^® It is necessary not only to take into account the error in 
reading produced by the scattered light but also that produced by 
variations in the amount of scattered light which result when different 
parts of the plate are brought into the beam. The effect is to reducre 
the apparent density of areas surrounded by less dense areas, and is 
one of the most common sonnies of error in densitometry. Every 
densitometer when first set up should be tested for scattered light. 
The test should be repeated whenever optical surfa(;es may have 
become dusty, by setting on a very dense line and then seeing if the 
deflection changes when most of the light passing through the sur¬ 
rounding plate is shielded. 

Condensing |-— Plate 

Lamp Ljens Slit Projection Slit Photocell 

or 

thermopile 

Fig. 13.15. The optical system of a typical microdensitometer. 

This effect is especially serious in instruments having mirrors or 
large numbers of lens components in their optical systems. It is 
possible to reduce the effect by cutting off any viewing beam during 
actual measurement, or in a photoelectric instrument by using for 
viewing light of a color which, though visible, does not affect the 
photometer. It can also be minimized by using an extremely narrow 
shutter to simulate a spectrum line of infinite density and taking a 
zero reading with this over every area being measured, thus permitting 
the scattered light to enter the photometer while the zero is being 
taken. 

13.13. Photoelectric Densitometers. The original photoelectric 
microdensitometer was designed by Koch.^® His optical design is 
shown in Fig. 13.16. Light from the Nernst lamp L (in modern 
instruments replaced by an automobile headlight lamp) passed 
through the plate P to be measured and was focused on photo¬ 
cell Cl. An electrometer E was used to measure the voltage across 
this cell, this voltage depending not only on the amount of light 
passing through the plate but also on that falling on cells C2 and C3, 

Scliwarzschild and W. Villiger, Adrophya. Jovr.y 23, £87 (1900). 
w P. P. Koch, Ann. d. Physik, 39, 705 (191£). 
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whicli were connected so as to form a variable compensating leak 
across C]. Two cells were used in parallel so that the electromeler 
could work on either side of ground potential. A projection system 
was used to throw an image of the electrometer thread on a recording 
I>late. 

The Koch microdensitometer as improved by Goos^^ was manu¬ 
factured commercially for many years by Kriiss of Hamburg. A 
projection system for viewing the plate during measurement was 
added, and to eliminate errors due to scattered light a red filter was 
put in the viewing beam and a photocell inseiisitive to red light was 
used. This recording instrument, in which various ratios of record 


_|E 

Fig. 13.16. The optical and electrical arrangement of the original photoelectric 
microdensitometer of Koch (1912). 

motion to plate motion were provided, was in effect a recording 
comparator. 

In recent years photronic and other barrier-layer photocells have 
come into wide use in microdensitometers, since they require no 
batteries and can be connected directly to a galvanometer. The 
Hilger densitometer shown in Fig. 13.17 uses such a cell. When 
barrier-layer cells are used, it is important to put a suitable resistance 
in series or in parallel with them so that the galvanometer will be 
made approximately dead-beat when the cell is exposed to light cor¬ 
responding to a medium-density reading. It is desirable to choose 
cells of a type showing low fatigue effects and to remember that 
photoconducting cells give linear current vs. light flux for low load 
resistance. 

The advantages of photoelectric densitometers are high sensitivity, 
which permits use of short-period galvanometers; freedom from 
thermal disturbances; limited spectral .sensitivity, so that few errors 



F. Goos, Zeitschr.f. InM,, 41, SIS (1921); Phys. Zeitschr., 22, 468 (1921); F Goes 
and P, P. Koch. ZeitschrJ. Physih 44, 855 (1927). 




354 PHOTOGRAPHIC PHOTOMETRY [§13.13 

are introduced if the focusing lenses are not completely acthromatic; 
and output that can readily be fed into amplifiers. The char¬ 
acteristics of photoelectric photometers have been discussed in 
Chapter 12. 

The photoelectric cell responds more quickly than any thermo¬ 
electric device yet developed; and since ordinarily it has a higher 
output impedance, its response can be amplified more effectively. It 



Fig. 13.17. The Hilger microdensitometer, Model H451 with H534 reader unit 
attached. (Courtesy Jarrell-Ash Company, Koston.) 


can be used as a sensitive null indicator. In this form it provides the 
basis for the most accurate type of densitometer yet devised, since 
almost every factor producing irregularities can be balanced out. 
Two beams of light may be used, one passing through the plate to be 
measured and the other through a comparison wedge of graded 
density, which should be as similar as possible to the plate and hence 
may well be made of an exposed photographic emulsion. A single 
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beam can also be used, made to pass alternately through the plate to 
be measured and the wedge. 

In a well-d(\signed densitometer every variable should be kept as 
constant as possible. For example, the same photocell should he used 
to measure both beams, if })ossible. Although two cells may be 
balanced at one light intensity, they are likely to get out of balance 
at other intensity levels. If great care is taken to match them in this 
res])ect, it will usually be found that the sensitivity of one will change 
with time more than that of the other. Oils are likely to vary in 
sensitivity over different portions of their sensitive surfaces and to 
have different wavelength responses, so that if the color of one meas¬ 
uring beam changes, they will be thrown out of balance. An ideal 
photometer of this sort would be one in which a single light source, 
light beam, and measuring device were used, the plate to be measured 
and a similar [>late whose density characteristics were known being 
jiut alternately into the beam. Such a design has the advantage that 
the ])recision would be about the same for high as for low densities, 
readings being reproducible to 0.2 per cent or better. 

A photomultiplier cell has been used in the microdensitometer that 
is a part of the automatic comparator designed by Harrison (§9.11), 
in which ten inches of plate can be scanned per minute, the opacity 
curve being photographed on motion-picture film. The photo¬ 
multiplier tube is to be considered as being a phototube plus a very 
simple and convenient form of DC amplifier. 

13.14. Thermoelectric Densitometers. Thermoelectric devices of 
the sort discussed in Chapter 12 lend themselves to use in simple 
and rugged densitometers. They are more suited to use in direct 
deflection than in null instruments. On account of the low im¬ 
pedance of most ihermoelectric devices, their output currents 
are difficult to amplify electrically and are ordinarily fed to low- 
impedance galvanometers, though the so-called G-M amplifier 
(§ 12.10) has been highly successful. The prototype of thermo¬ 
electric densitometers is that of Moll,^® which has for many years 
been manufactured commercially by Kipp and Zonen in Delft. It 
was in the early years cheaper and simpler than its photoelectric 
competitors, though not so rapid in action. 

The advantages of using simple thermocouple-galvanometer com¬ 
binations have been offset to a considerable extent in recent years by 


18 W. H. J. Moll, Proc. Phys. Soc. (London), 33, 207 (1921). 
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the introduction of the photronic cell, which is an equally simple and 
more sensitive photometric device and is, moreover, free from thermal 
disturbances. Thermoelectric photometers must be very carefully 
shielded from air currents if they are to be kept free of drift. Tliey 
are sensitive to all wavelengths and so must be shielded from stray 
light and heat rays. Foc'usiug lenses used with them must be care¬ 
fully achromatized, since most of the light received from an iiic^an- 
dcscent lamp lies in the near infrared region. Neglect of this fact 
may greatly reduce the resolving power of a microdensitometer where 
an image of the slit is thrown on the plate by an incompletely achro¬ 
matized lens. 

Densitometers have been constructed using the Boys radiomicro¬ 
meter and the Nichols radiometer, and various tyj)es of thermocouples, 
bolometers, and thermopiles. These densitometers, though formerly 
the simplest to use, are in general giving way to the newer types of 
photocells for densitometric purposes. 

13.15. Operation of the Densitometer. Although the operator of 
a densitometer may feel that he nee<l make only one measuremtmt for 
each spot measured on the photographic emulsion, actually each 
determination of the density d involves measuring four quantities. 

d = logio = logio (13.2) 

where 7o is the incident light being used to measure the plate, I is 
that transmitted by the portion of the plate being measured, and 
G, G', and Go are the readings of the galvanometer corresponding to 
intensities 7o, 7, and no light, respectively. It cannot always be taken 
for granted that Go will remain constant from one reading to the next. 
The difference in deflection G — Go, called the clear reading, should 
be taken through a developed but unexposed portion of the plate 
having any fog and stray light exposures on it that may be present in 
the spectrum but having no exposure to the sf)ectral radiation being 
measured. G — Go is also sometimes called the ‘TOO reading,” since 
it is convenient to adjust the intensity of the densitometer beam so 
that the galvanometer scale residing is exactly 100 for a clear portion 
of the plate near the exposed portion to be measured. The difference 
G' ~ Go is the deflec'tion on the exposed line. In a good densitometer 
the light source remains constant and the detector does not drift, so 
that the 100 reading and the zero reading remain constant. To 
justify these two assumptions, it is necessary to use a very constant 
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light source, operated from a storage battery, a stabilized transformer, 
or an electronic voltage regulator, and to use a recorder and amplifier 
system with little drift. 

G depends not only on the brightness of the densitometer beam 
but also on the transmission of the unexj)osed i)ortion of the plate, 
whi(di is likely to vary considerably over the plate surface. In (con¬ 
sequence, one of the principal problems in photographic photometry 
is to determine where to measure the clear plate readings G, Best 
results are obtained wlien chemical and other controllaT)le fog is kept 
to a minimum so that the plate surfac'c is as uniform as possible in 



Fig. 13.18. The Baird Associates' nonrecording densitometer. 


transmission. Neglect of this factor is probably responsible for more 
of the errors of photographic photometry than any other cause. 

If zero drift is low, the number of determinations of Go can be kept 
small. When Go and G are kept constant, G' is the only quantity 
that need specifically be determined for points on the plate which are 
to be measured, and it is the continuous curve of G' values which 
is given by a recording microdensitometer. 

Some operators prefer to use blackening rather than density as an 
indicator of plate response. Blackening is the difference between the 
clear plate reading and the line reading, or G — G', when the clear 
plate reading is set at 100, and Go is zero. 
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13.16. Recording Densitometers. The recording devices dis¬ 
cussed in Chapter 12 cap be used for densitometry. Ordinarily a 
record is useful only when line contours or some similar features are 
to be measured. For routine work in quantitative si)cctrochemical 
analysis or for making intensity measurements on spectrum lines, it is 
usually more convenient to make spot measurements than to spend 
the time required for taking a complete record and then selecting from 
each record the lines to be measured. 



Fig. 13.19. The Leeds and Northrup recording microdensitometer. 

In densitometers of the older type, the galvanometer deflections 
were recorded by a light beam on photographic paper. This paper 
was wrapped on a drum which was driven by clockwork or, in later 
models, by synchronous motors provided with reduction gears. In 
some of the higher-priced commercial instruments, which are now 
less in fashion than formerly, complicated gear arrangements were 
provided to move a long photographic plate on which the opacity 
curve was recorded. This recording method is of importance only 
when the comparator features are necessary so that intensities and 
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distances along the plate can be exactly determined simultaneously. 
Modern ])ractice tends more in the direction of rapid records on 
paper, as in the Leeds and Northrup densitometer shown in Fig. 13.19. 

13.17. Precision of Densitometers. The precision available in 
welLdesigned densitometers is usually greater than that required for 
X)hotographic photometry. Instrumental errors can readily be kept 
below 0.5 per cent for the direct-reading type and below 0.2 per cent 
for the null type. Failure to reproduce readings to this precision is 
usually caused by the difficulty of repeat setting on the same portion 
of the plate. An advantage of the recording method is that no 
uncertainty is introduced as to whether the exact x)eak of a narrow line 
is set upon. To obviate this uncertainty, many spotting instruments 
are provided with a transverse screw motion that can be quickly 
locked in when the line is nearly in position. The line is then slowly 
moved across the measuring light beam and the minimum deflection 
of the galvanometer is read. 

The Zeiss firm at one time manufactured a spotting microphoto- 
meter in which a given sx>ectrum line would apx)ear in position at the 
slit when the proper key was pressed. Thus when the same four or 
five lines were to be measured in a number of different spectra on 
the same plate, it was easy to set on one line after another, then to 
rack uj) the next spectrum and measure the same lines. The Applied 
Research Laboratories manufacture a projection instrument with a 
similar feature, shown in Fig. 13.20. This uses a contact slit. 

When very short and narrow slits are used in the densitometer, 
variations in deflection may be encountered due to graininess of the 
emulsion. These effects can be reduced by lengthening the slit, 
providing an oscillating motion of the plate parallel to the spectrum 
line, using an astigmatic optical system, or by various other means. 

13.18. Special Computing Densitometers. Since it sometimes 
takes longer to determine with the aid of calibration curves the 
intensity of the light which has fallen on a plate than to measure the 
plate with a densitometer, it is desirable to have this translating done 
automatically. Wouda^'*' has described an instrument for the rapid 
reduction of data from a calibration curve. The image of a long 
straight-filament lamp is moved across a plot of the calibration curve 
by the deflection of the galvanometer mirror of the densitometer. By 
adjustment of the size of the plot or the optics of the projection 
system, line intensities can be read off directly from the intersection 


19 J. Wouda, Zeitschr.f. Phynk, 79, 511 (1932). 
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of the filament image and this curv'e. However, the calibration 
curve for each portion of the plate must be determined by the opera¬ 
tor and set into the machine; and since from 2 to 20 calibration 
curves may be required for reduction of a single plate, the region 
which can be reduced from a single curve is likely to be limited. 



Fig. 13.20. The Applied Research Laboratories^ projection microdensitometer. 

A similar automatic device is that of Thompson,'^ which sends a 
long line of light from the galvanometer mirror of the densitometer 
through a slit cut to the predetermined shape of the calibration curve 
for a portion of the plate. That section of this line which is trans¬ 
mitted through the slit lies in a position that indicates the intensity 
of the line directly. This method suffers from the same limitations 

*®N. Thompson, Proc, Phys. Soc. (London), 45, 441 (1933); .see also G. 0. Lang- 
stroth and D. R. McRae, Jour, Opt. Soc, Am,, 28, 440 (1938). 
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as Wouda’s device. The utility of these devices lies in the fact that 
the intensity curves obtained with them from a continuous record 
can be integrated directly by means of a planimetcr to obtain total 
intensities of lines that are not flat-topj^ed. 
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Absorp tion Spec tropho tome try 


Absorption spectrophotometry is the technique of detennin- 
ing tlie relationship hetweeri the wavelength, or frequency, of radiation 
and its attenuation by al)sorplion upon passage through a particni- 
lar medium. The following discussion will be limited to absorption 
spectrophotometry in the region from approximately 2000 to 
10,000 A. These wavelengths correspond to the nominal limits 
within which measurements can be made satisfactorily with usual 
equipment for the visible and ultraviolet. Spectrophotometric 
measurements at wavelengths longer than about 10,000 A (in the 
infrared) and shorter than about 2000 A (in the vacuum ultraviolet) 
require sp)ecial techniques that are discussed resp)ectively in (Chapters 
17 and 19. 

S{)ectrof)hotometry in the range 2000 to 10,000 A is normally ap¬ 
plied to the study of substances in the solid or liquid state or in 
solution. The observable absorption may be continuous and fairly 
uniform throughout the region in question, in which case it is called 
general absorption, or it may exhibit one or more broad maxima and 
minima, in which case it is called seleciivc absorption. 

The techniques to be described have wide application in organic 
chemistry in the characterization of compiounds, in the control of 
isolation and purification procedures, in the determination of molecu¬ 
lar structure, and in qualitative and quantitative analysis. Other 
applications include the determination of the transmission charac¬ 
teristics of dyestuffs and filters, the study of cytocheraical and 
histochemical piroblems by microspiectrophotoraetry, and the inves¬ 
tigation of photochemical reactions. 

LAWS OF ABSORPTION AND THEIR APPLICATION 
TO ABSORPTION SPECTROPHOTOMETRY 

14. L Lambert’s Law. The simplest case of absorption is that in 
which a parallel beam of monochromatic radiation passes rectilinearly 
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througli a homogenous absorlhng medium. Under such circum¬ 
stances, the intensity of the radiation is reduced by the same fractional 
amount in equal succeeding portions of its path. Thus, if the inten¬ 
sity is reduced by half in the first centimeter, it will be reduced by half 
again in the second centimeter (that is, to one-fourth of the original 
intensity), and so on. The medium may be considered to be made 
up of layers of infinitesimal thickness, dl, perpendicular to the path 
of the radiation. Let I represent the intensity at any point of the 
path, and a the fraction by which absorption reduces the intensity in 
unit length of path.* Then 

- = al (14.1) 

The constant a is known as the absorption coefficient. It is charac¬ 
teristic of the absorbing medium and is a function of the wavelength 
of the radiation. 

When Eq. (14.1) is integrated between the thickness limits 0 and x, 
an expression known as Lambert’s law results. It gives the ratio, 
of intensity of radiation before, to that after, passing through 
the thickness x : 

log« ” = aXy or lx = (14.2) 

i X 

Using base 10 instead of base e, Eqs. (14.2) become, respectively, 
login ~ = Kxy or Ijc = /() 10 (14.3) 

* X 

where K = 0.4343a: and a = 2.S0SK. The constant K is known as 
the extinction coefficient;^ I K is the thickness of absorbing layer 
necessary to reduce Is to (1 10)/o. 

Only in the rare case of a neutral absorbing substance, which 
exhibits the same absorbing power throughout the entire wavelength 
region under consideration, are a and K independent of wavelength. 


* There is considerable variation in the letter symbols used by various authors to 
designate quantities of interest in absorption spectroscopy, and the symbols used here 
should, therefore, not be regarded as representing a universally ac*cepted standard 
nomenclature. Insofar as practicable, the symbols used have been chosen to corre¬ 
spond with those employed widely in the literature, including scientific papers in 
(German and French as well as in English. Where confusion might arise from the use 
of one symbol for two different quantities, a separate letter symbol has been used 
for each quantity. 

I R. Bunsen and H. R. Roscoe, Pocfg. Ann. Physik, 101, 235 (1857). 
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In all other instances, the preceding expressions are valid only for 
strictly monochromatic radiation. Apparent deviations from Lam¬ 
bert’s law may, therefore, occur in practical measurements if the 
radiation employed is insufficiently monochromatic. Other causes 
of apparent deviation from Lambert’s law arc geometric factors, such 
as obliquity or lack of parallelism of the beam of radiation, which 
may introduce errors in the assumed path length .t; lack of homo¬ 
geneity in the absorbing medium; and losses by reflection from sur¬ 
faces in the path of the beam of radiation. 

14.2. Beer’s Law. If the absorbing medium is a substance in 
solution, the attenuation of radiation on traversing a given path 
length depends on the concentration of the solution. Under suitable 
conditions, the absorption by dissolved substances is closely propor¬ 
tional to the number of molecules of solute per unit volume of solu¬ 
tion, whence 

a = gc (14.4) 

and K = kc (14.3) 

where a and K are, respectively, the absorption and extinction 
coefficients as previously defined, c is the concentration of the absorb¬ 
ing substance, expressed in suitable units, and g and k are, respectively 
the absorption and extinction coefficients per unit of concentration. 
The above expressions are known as Beer s Law} 

Beer’s law is based on the assumption that the specific absorption 
per molecule of the absorbing substance does not vary with the 
concentration of the substance in solution. This condition is often 
satisfied within the limits of experimental error (particularly for 
highly dilute solutions), but it is by no means universally applicable. 
Changes in concentration may lead to changes in the nature of the 
molecular species in solution. Such changes include, on the one 
hand, polymer formation and the formation of other kinds of molecu¬ 
lar associations (including complexes with the solvent), and, on the 
other hand, dissociation. If such changes take place and if the 
specific molecular absorption is influenced thereby, /x and k become 
functions of c instead of constants, and apparent deviations from 
Beer’s law are observed, 

Lambert’s and Beer’s laws may be combined in single expressions 


* A, Beer, Potj(j. Ann, Phy,nk, 86, 78 (1852). 
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for the attenuation of the monoehromatic radiation that traverses a 
solution of absorbing material, thus: 


1 

loge j = tXCX-, 



or 

or - /olO 


(14.6) 

(14.7) 


If the concentration c in the Larnbert-Beer equations is expressed in 
gram-molecular weights per liter (moles), the corresponding co¬ 
efficients of specific absorption may be represented by E and e; the 
latter is known as the molecular extinction coefficient. 

14.3, Variables Measured in Absorption Spectrophotometry. 
Spectrophotoinetric measurements of the absorbing characteristics of 
substances lead to the evaluation, «‘it one or more wavelengths, of 
the transrnisw'vitj^ T. wIktc 


lo 

C14.R) 

the per cent transonission /, w lie re 


f = 100^^ 

i (1 

vl4.9) 

the opacity 0, wffiere 


0 = Y 

(14.10) 

or the optical density I), where 


D = logio^' 

■* X 

(14.11) 


Such evaluation may be accomplished either by direct determination 
of the ratios Ix/Io or logio {To 'h) or by separate determinations of 
the two light intensities or the logarithms thereof. 

To determine the attenuation of the radiation that traverses a 
medium, a suitable specimen is placed in the path of the radiation. 
If the substance is a solid, the specimen may be a slab or block of 
material with polished, plane-parallel faces, so placed that a parallel 
beam of the radiation enters and leaves the specimen perpendicularly 
to the faces. If the substance is a liquid or is in solution, it may be 
contained in a cell with polished, plane-parallel end plates that are 
substantially transparent to radiation in the region of interest. The 
cell and its contents may then be placed in the path of the radiation 
in the same manner as a solid specimen. 
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14.4. Elimiaation of Effects Due to Reflections and Absorption by 
Cell Windows and by Solvents. In order for the foregoing equations 
to be applicable to absorbing sptxMniens. /„ must be the intensity of 
radiation that enters the absorbing medium and the intensity 
incident upon the exit face. 7o is not usually the same as the inten¬ 
sity I incident on the entrance face of a solid specimen or cell, nor 
is the same as the intensity i of radiation leaving the exit face, 
since the intensity is reduced at all faces by reflection whenever 
changes in refractive index occur at these points. The intensity may 
be reduced further by absorption in the cell windows in the case of 
a cell containing a liquid or solution. In absorption spectrophotom¬ 
etry, I and i are the intensities that are readily measurable. One is 
confronted, therefore, with the problem of how to determine /o and 
Ix (or Iq; Ix) from measurements of I and i (or / /). 

In the case of solids, /o may be determined by measuring ?‘i and 
?*2 for two specimens of unequal lengths Xi and x>. If Xi is greater 
than X 2 y h i\ is equivalent to /o /x' where x' corresponds to the 
difference in path length xi — 0 : 2 , provided that the entrance faces 
and the exit faces of the two specimens reflect the same fractions 7 
and 8 of the radiation incident upon them. 




(14.H2) 


The same method may be employed for absorbing liquids. The 
intensities ii and /o of the transmitted radiation arc determined with 
cells of different lengths Xi and X 2 but otherwise identical. The ratio 
{ 2/11 is then equivalent to lo h', where x' = Xi — X 2 . 

With substances in solution, it is also essential to eliminate effects 
due to absorption by the solvent. If the method outlined for liquids 
is employed, the resultant measurement of 12 /ii yields a value of 
Jo//x^ representing the attenuation of intensity by both solute and 
solvent in a path length x\ To eliminate absorption by the solvent, 
it is customary to employ two cells that are identical in every respect, 
including length, one containing the solution and the other the 
solvent. If the solvent has the same absorbing effect in the presence 
or absence of the solute and if the reflection coefficients at the cell 
faces are the same in both instances, the ratio /o//x can be measured 
directly. The first condition holds except for instances in which 
interaction between solute and solvent modifies the absorbing charac¬ 
teristics of both. The second condition is not true insofar as the 
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inner faces of the cells are concerned when the index of refraction of 
the solution is different from that of the solvent. However, the 
reflection error introduced V>y differences in refractive index at the 
inner faces is not usually as great as other experimental errors and 
is commonly neglected. 

Additional sources of error in the determination of may arise 
from fluorescent radiation emitted hy the absorbing medium, scatter¬ 
ing of radiation ])y suspended particles in a liquid medium, multiple 
reflections between the faces of a solid specimen or a cell, and reflec¬ 
tions from the sidewalls of a cell or the sides of a solid specimen when 
the beam of radiant energy is not strictly parallel. The conditions of 
measurement should be so chosen as to reduce such effects to a 
minimum. 

14.5. Presentation of Data. All spectrophotometric data are ex¬ 
pressed in terms of two variables which it is convenient to call the 
intensity variable and the imvelcngth variable. The intensity variable 
indicates, directly or indirectly, the power of the absorbing substance 
to attenuate radiation at a particular wavelength. It may be ex¬ 
pressed as transmissivity, per cent transmission, opacity, absorption 
coefficient, extinction coefficient, and so on, as these terms have been 
defined previously. The wavelength parameter designates the wave¬ 
length, or frequency, of radiation to which a particular attenuation 
factor applies. It may be expressed as wavelength in angstroms or 
millimicrons, as frequency in oscillations per second, or as wave 
number in cm“b The choice of the most appropriate terms in which 
to express these two variables depends on the application to be made 
of the data. 

In the case of optical filters, the information usually desired is the 
fraction of the incident intensity transmitted at various wavelengths 
by a filter of definite thickness and composition. The intensity 
variable may therefore be expressed in transmissivity or per cent 
transmission. 

In the use of spectrophotometric data to characterize chemical 
compounds, it is desirable, for purposes of comparison, to express the 
intensity variable in terras that are independent of the specific con¬ 
ditions of measurement (such as length x of optical path or concentra¬ 
tion c of a solution). For solids or liquids, the intensity variable is 
therefore conveniently expressed in terms of the absorption coeffi¬ 
cient a or extinction coefficient K. For solutions, the correspond¬ 
ing specific absorption and extinction coefficients n and k per unit 
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concentration may be employed. Molecular extinction coefficients 
are convenient for comparing the absorption of solutions on the basis 
of molecular concentration or for computing the absorption of a 
complex molecule in terms of its constituent chemical groups. Occa¬ 
sionally, the logarithm of the extinction coefficient or of the molecular 
extinction coefficient is employed in order to permit presentation of 
curves with widely different values on a single graph sheet or presenta¬ 
tion of curves having specific shapes characteristic of the substancres 
regardless of the units of concentration and path length employed. 
The w\‘ivelength variable for chemical compounds is usually expressed 
in angstroms or millimicrons. Frequency or wave-number units 
have some advantages for theoretical studies but are less generally 
used. 

Table 14.1 summarizes the various expressions employed for the 
intensity variable in absorption spectrophotometry. 

SELECTION OF APPARATUS FOR ABSORPTION 
SPECTROPHOTOMETRY 

14.6. Choice of Source of Radiation. For absorption spectro¬ 
photometry in the visible region, incandescent lamps are generally 
used. An ordinary 60 to 100 watt lam[) with flashed opal bulb 
placed close to the slit of the dispersing system will give sufficient 
intensity for the direct qualitative observation of spectra (without a 
photometer) and has the advantage of giving uniform slit illumination 
without the necessity of critical alignment. Where greater intensities 
are required for quantitative observations, a lamp with clear bulb may 
be employed in conjunction with a condensing lens for forming an 
image of the filament on the slit. The shape, size, and brightness of 
the filament should be such that the working portion of the slit can be 
filled with uniform radiation of sufficient intensity for convenient 
observation. The image of a ribbon filament most closely approxi¬ 
mates the geometry of the usual slit, but concentrated coil filaments 
of the type used in projection lamps give sufficiently good images for 
many purposes. Ribbon-filament lamps are used in lieu of slits in 
the collimating systems of certain simple photoelectric spectro¬ 
photometers. Suitable sources for use with polarizing and other 
types of photometers for the visible region are described in Chapter 8. 

For abbreviated absorption spectrophotometry in the visible region, 
using filters instead of a dispersing system, mercury arcs have the 



TABLE 14.1 

Summary of Expressions Used for Transmission and Absorption of 

Radiation 


Expression ! 

Units usually | 
employed 

Nomenclature 

Principal 

applications 

1 

T ■■= - 

io 

1 

X in cm 

T — transmissivity 

fi ~ coefficient of 
transmission 

Transmission character¬ 
istics of filters and dye¬ 
stuffs 

h 

i - 100 

/o 

t — per cent trans- 
missi(jn 


0 — op;u*ity 

Photographic blacken¬ 
ing measurements 

IJ =■ lOgio , " 

lx 

D = density 

Phot ographic blacken¬ 
ing measurements. 
Indication of absorp¬ 
tion of solutions 

4 

^ H 

II 

X in cm or mm 

a — absorption co¬ 
efficient 

Absorption of solids or 
lifpiids ((’ontinental 
iisagcO 

1 u 

^=cx“ 

x in cm or inm, r in 
prams [>er liter, 
mg per ml, per 
cent, or gru ins 
per ml 

g = absorption co¬ 
efficient 

Absorption of solutions 
(Continental usage) 

o 

-i ^ 

II 

X in cm or mm 

K — extinction co¬ 
efficient 

Absorption of solids or 
liquids (British and 
American usage) 

1 . ^ 1 

X in cm or mm. cin 
grams pcT liter, 
mg |x*r ml, per 
cent, or grams 
per ml 

k = extinction co¬ 
efficient 

Absorption of solutions 
(British and American 
usage) 

1 /() 
'=rx'‘«‘“i7 

X in cm, r in moles 
per liter 

€ — molecular ex¬ 
tinction co¬ 
efficient = Mk 

Useful in computing the 
combined absorption 
of substances present 
in known molar ratios 

logio k or 

log. k 



Useil in compressing data 
so that curves occupy 
less space, etc. 

^ /() 

^ = to’“8. ;; 

X in cm in medium 
under consider¬ 
ation; X = ~ 
n 

where Xo is for 
vacuum and n 
is refractive in¬ 
dex; X in cm 

7 = absorption 
index 

Used in discussion of ab¬ 
sorption as derived 
from classical ele<?tro- 
magnetic theory 
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advantage of providing several widely spaced emission lines, per¬ 
mitting isolation of more nearly monochromatic radiation than is 
possible by the use of filters with continuous sources. This advantage 
is, however, somewhat offset by the resulting restriction to a limited 
number of wavelengths; hence incandescent sources are ordinarily 
employed. There is usually no slit or stoj) in such a system to act 
as a secondary source. Therefore, if the optical system is to provide 
a nearly parallel beam of radiation, a lamp with concentrated filament 
or emitter, such as a projection lamp, an automobile headlight lamp, 
or a Western Union concentrated arc, must be used. 

For photographic absorption spectrophotometry in the ultraviolet 
region, a condensed spark between tungsten-steel electrodes is con¬ 
venient and often adequate. The spectrum of this source is rich in 
strong lines, but there are troublesome gaps (for example, at about 
^^650 A), and the intensity falls off abruptly below about 2350 A. 
Aluminum electrodes give several strong groups of lines in the region 
below 2000 A, in which tungsten is particularly deficient. They may 
be used as a supplementary source when it is desired to measure 
absorption in this region. Uranium electrodes give a spectrum very 
rich in lines of almost uniform intensity and have been recommended 
as a substitute for continuous sources. They are costly, however, 
and their spectrum is quite weak below 2200 A. With suitably cored 
carbons, such as National Carbon Co. 6 mm C, carbon arcs can be 
used satisfactorily as a substitute for the condensed tungsten spark. 
They may require somewhat more frequent adjustment than sparks, 
even when provided with automatic feeding mechanisms, and they 
do not approximate point sources so closely. 

Continuous sources have a definite advantage in ultraviolet 
spectrophotometry when it is desired to study the finest details of 
complex absorption spectra. Of such sources, the underwater spark 
is adequate, but hydrogen discharge tubes in quartz are more con¬ 
venient and more readily available. Both of these sources permit 
observation to the short-wave limit of transmission of usual ultra¬ 
violet spectrophotometric equipment. The General Electric type 
H-4 high-pressure mercury arc with outer glass envelope removed 
yields a spectrum with a strong continuous background, in addition 
to the mercury lines, down to about 2100 A.* 

* Some lamps of this type will not operate satisfactorily without the outer glass 
envelope unless they are placed in an enclosure that will maintain them at a com¬ 
paratively high operating temperature. 
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For photoelectric absorption spectrophotometry, it is usually 
essential that the radiant output of the source be free from fluctua¬ 
tions. It is also desirable that the spectrum of the source be con¬ 
tinuous, since the f^resence of strong emission lines may cause such 
characteristics as nonuniform wavelength response of the photocell, 
scattered radiation, and limited resolving power of the dispersing 
system, to result in apj)reciable errors in the measurements. The 
usual choices are, therefore, incandescent lamps for the visible region 
and well-regulated hydrogen discharge tubes in quartz for the 
ultraviolet. 

For a more detailed discussion of sources. Chapter 8 should be 
consulted. 

14.7. Choice of Absorption Cells. The general characteristics to 
be considered in the choice of absorption cells for the spectrophotom¬ 
etry of liquids or solutions are as follows: transmission charactcTistics 
of <*ell windows, i)ath length through absorbing medium {inside cell 
length), precision and uniformity of inside cell lengtii, flatness and 
parallelism of window faces, perpendicularity of faces to the path 
of radiation, and convenience in manipulation. 

Glass windows are sufficiently transparent for use in the region 
10,000 to 8400 A. Below about 8400 A, quartz, fluorite, or lithium 
fluoride must be used. Fused quartz is the usual window material 
for cells for ultraviolet spectroj)hotometry. If it is desired to elimi¬ 
nate effects due to fluorescence of the windows and to obtain the 
greatest possible transparency below 2200 A, crystal quartz* is 
somewhat better. 

The inside cell length should usually be chosen so that it is possible 
to obtain a density, logic (Iq^Ix), of about 0.4 to 0.5 for photoelectric 
spectrophotometry and of about 1.5 to 2.0 for photographic spectro¬ 
photometry, at the absorption maxima for which precise data are 
required. The possibility of diluting the absorbing material so as 
to change its density per unit path length within wide limits usually 
permits considerable latitude in choice of cell length. For general 
use, therefore, it suffices to have available cells of a few convenient 
inside path lengths, say 1, 2, and 4 cm. For some samples, shorter 
or longer path lengths may be required. 

The precision and uniformity of the inside cell length should be 
such that the over-all errors of the measurements are not increased 

* Crystal-quartz windows must be cut perpendicular to the optic axis to avoid 
effects caused by double refraction. 



372 ABSORPTION SPECTROPHOTOMETRY [§14.7 

appreciably by path-length errors. Cells are available commercially 
in which the inside-length tolerance is kept below zhO.15 per cent 
of the total path, corresponding to a maximum density error of 
about ±0.0023 at a density of 1.5 or of aV)out ±0.00075 at a density 
of 0.5. 

The cell-window faces should be flat to within a few wavelengths, 
at most, of the radiation used, and all faces should be parallel to 
within a few minutes of arc. 

The dimensions of cells perpendicular to the path of the radiation 
should be sufficient to ensure that radiation will not strike the cell 
walls and be reflected from them. This condition having been ful¬ 
filled, it is desirable to keep these dimensions to a minimum in order 
that minimum volumes of material will be required. 

For convenience in manipulation, cells with removable windows 
have the advantage of being easy to clean. Certain designs may 



Fig. 14.1. Typical types of cells for visible and ultraviolet absorption 
spectrophotometry. 


have disadvantages, such as variation in path length upon reassembly, 
leakage, and contamination of cell contents by absorbing substances 
from the gaskets. When gaskets are used, troublesome contamina¬ 
tion can often be avoided by washing the gaskets repeatedly, before 
use, with the solvent or liquid absorbing medium to be used in the 
measurements. Spacer tubes of metal are sometimes used in de¬ 
mountable cells; glass or silica must be employed if there is danger 
that metal may be attacked by the cell contents. Permanently 
assembled cells with cemented-on windows can be used only with 
fluids in which the cement is insoluble. Hence one-piece cells with 
fused-on windows are preferable for general applications. Perma¬ 
nently assembled cells with open tops or with two filler tubes arc. 
somewhat easier to clean than those with a single filler tube, but the 
single-tube type with a ground-glass stopper is useful when it is de- 
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sired to prevent evaporation of the cell contents during long periods 
of use. Typical al)sor[)tion colls are shown in Fig. 14.1. 

A cell of variable length, such as a Baly tube (Fig. 14.2), is a con¬ 
venience in preliminary explorations to determine the most convenient 
concentration of a solution to (^mploy with a particular cell of fixed 
length. Baly cells are ol>tainable with mierometer adjustment 
whereby the path length may be set to within about ±0.005 mm. 
Other cells of special design, such as the notched echelon cell, are de¬ 
scribed in later sections dealing with special spectrophotometric 
methods. 

14.8. Choice of Spectrophotometric Method. It is convenient to 
classify s[)ectrophotometric methods according to the radiation de¬ 
tector employed. If one uses this basis of classification, there are 
three principal spectrophotometric methods from which to choose: 
(1) visual, (2) photographic, and (3) photoelectric. Although 



(a) 

Fig. 14.2. Baly cells, (a) Sliding tube type. 


(b) 

(b) Micrometer type. 


thermoelectric methods are used in the infrared where no others are 
available, their comparative insensitivity makes them undesirable for 
regions where one of the three more responsive methods can be 
employed. 

The visual method is of use only in the region from about 4000 to 
7500 A. For this region it has the advantage of simplicity and the 
disadvantage of yielding results that may vary considerably from 
observer to observer even under the best of operating conditions. 
Particularly in those spectral regions in which the eye is least sensi¬ 
tive, some workers find it difficult to obtain satisfactory results by 
this method. 

The photographic method has the advantage of providing a perma¬ 
nent record which, at sufficiently high dispersion, may be made to 
record the minutest details of complex absorption spectra. If the 
photographic record is photometered visually, this method has some 
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of the disadvantages inherent in visual spectrophotometry, though 
the situation is improved by the fact that the photometric procedure 
can be carried out with light of high intensity and uniform spectral 
quality. The pitfalls of visual photometry may be avoided by the 
use of objective photometric devices (for example, photoelectric 
densitometers; see Chapter 13). The time required to process the 
emulsion is a further disadvantage of the photographic method. 

Photoelectric methods may be subdivided into those which involve 
point-by-point measurements at selected wavelengths and those 
which permit automatic recording at all wav^elengths within the range 
to be investigated. A special case of the former is the ahsorptiometer 
or colorimeter. The colorimeter is a device equipped with a simple 
dispersing system, or with filters, that permits determination of the 
concentration of substances by their absorption of approximately 
monochromatic radiation at a selected wave l)and. Such devices are 
useful in analytical chemical procedures. Point-by-point photo¬ 
electric spectrophotometers are convenient for routine measurements 
in applications to analytical chemistry, organic chemistry, and bio¬ 
chemistry, but the data obtained with them may not show all the 
important details of the absorption spectrum because of the missing 
data between the observed points. Automatic-recording photoelec¬ 
tric spectrophotometers have the advantage of covering, continuously, 
the entire range of wavelengths under investigation. They present, 
however, maintenance and adjustment problems somewhat in propor¬ 
tion to their complexity. Photoelectric methods, in general, share 
the advantage of yielding objective measurements that can be repro¬ 
duced consistently with less skill and care than are usually required for 
similarly consistent results with visual or photographic methods. 

Table 14.2 summarizes the bases of choice among the various 
methods of spectrophotometry (compare Table 12.1). 

VISUAL ABSORPTION SPECTROPHOTOMETRY 

14.9. General Considerations. Apparatus for visual absorption 
spectrophotometry requires the following principal components: 
(1) a suitable light source; (2) a means for separating the light from 
the source into two parallel beams (one traversing the absorbing 
medium and the other serving as a comparison beam) and for bringing 
these beams into juxtaposition so that they may be viewed ulti¬ 
mately as parts of the same photometric field; (3) a means of 
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Principal 

application 

Accuracy of data depends i Absorption spectra of dyes 
on vision and skill of ob- and filters; reflection 

server 1 spectra 

Absorption spectra of or¬ 
ganic compounds; de¬ 
termination of fine struc¬ 
ture in spectra; spectro- 
photometric research 

Quantitative chemical an¬ 
alysis by colorimetric 
procedures 

Routine spectrophotome¬ 
try of organic compounds 

Routine spectrophotome¬ 
try wdiere work load war¬ 
rants cost; spectropho- 
tometric research 

Disadvantages 

Requires time-consuming 
manipulations; data de¬ 
pend on vision and skill 
of observer if plates are 
photometered visually 

Employs broad spectral 
bands; not suited to pre¬ 
cise determination of ab¬ 
sorption spectra 

Yields data at selected 
wavelengths only; not 
well adapted to tine 
structure investigations 

Requires elaborate equip¬ 
ment 

Advantages 

Simplicity 

Yields permanent record of 
entire spectrum; capa¬ 
ble of sliowing details of 
spectra 

Simplicity; provides ob¬ 
jective measurements 

Simplicity; convenience 

and speed; provides ob¬ 
jective measurements 

Yields permanent record of 
entire spectrum: capa¬ 
ble of showing details of 
spect ra; con ven ience 

and speed 

Range to which 
applicable 

4000-7500 A 

2000-10,000 A 

3400-10,000 A 

2000-10,000 A 

2000-10,000 A 

1 

V 



Absorpt iometers 

Point-by-point 

sp>ectrophotom- 

eters 

x\utomatic record¬ 
ing spectro¬ 
photometers 
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changing, by known amounts, the intensity ratio of the two beams; 

(4) suitable absorption cells (if liquids or solutions are used); and 

(5) a spectrometer that permits isolation of a narrow spectral band 
in both l)eams and presentation of this spectral region of the two 
beams in a photometric field for visual comparison. 

Any variation in the brightness of the different portions of the light 
source from which the radiant flux is collected into the two parallel 
beams may cause irregularititvs in the brightness of the different i)or- 
tions of the final photometric field. Consequently, directly illumi¬ 
nated diffusing screens or indirectly illuminated diffuse reflecting 
surfaces are often used as light sources in order to ensure that the 
entire area contributing flux to the photometer will be essentially 
uniform. This method of illumination is wasteful of light and is 
likely to result in low brightness of the photometric field, especially 
when highly absorbing materials arc to be measured. When the 
highest intensity of effective illumination of the field is desired for 
transmission measurements of specimens of high density, a nearly 
uniform concentrated source, such as a Pointolite, Western Union 
<joncentrated arc, or ribbon-filament lamp, may be used (§ 8.7). 

The two light beams are separated, recombined, rendered parallel, 
and brought to focus by suitable reflecting and refracting surfaces. 
The design of this portion of the optical system is governed by the 
applications to which the instrument is to be put as well as by mechan¬ 
ical and optical considerations. Control of the intensity of one or 
both light beams is most commonly accomplished by the use of 
polarizing prisms in tandem. The analyzer is mounted so that it 
may be rotated with respect to the polarizer (or polarizers) by known 
amounts indicated by a circular scale. Alternatively, fixed dia¬ 
phragms of variable aperture or rotating sectors may be employed for 
attenuating the beams. 

The photometer may be an integral part of the spectrometer, as 
in the original Kdnig-Martens instrument (§ 14.11), or it may be 
separate from it. In the latter case, it is customary to use a constant- 
deviation type of spectrometer employing a Pellin-Broca prism 
(Chapter 3). The light source, beam-splitting and focusing optics, 
cell holders, and intensity-controlling device are, in this latter case, 
usually mounted as a single unit which is called the photometer or 
(somewhat incorrectly) the spectrophotometer. 

Various forms of absorption cells may be used in studying the trans¬ 
mission of liquids and solutions. Inside path lengths of 2 to 4 cm 
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may be required for specimens that have low absorption coefficients. 
Commercial visual si)ectropliotometers are usually designed so that 
they may be used for reflectance as well as transmission measure¬ 
ments, and for measuring absorption by relatively opaque materials. 

Since visual spectroj)hotometers are intended for use in the visible 
region of the spectrum only, all transmitting ojRical components, 
except polarizing prisms, are of glass, 

14.10. Advantages and Limitations of the Visual Method. Tlie 
visual spectrophotometer is easily set tip and is free from the com¬ 
plications of photograj)hic manipulation or of the operation and 
maintenance of electrical measuring devices. As a consequence, it 
has been used widely and is still employed considerably in industrial 
control and research laboratories for measuremiaits of transmission, 
reflectance, and absorption by opaque samples within the range of 
the visible spectrum. 

The limitations of the visual method arise from certain charac¬ 
teristics of vision, among which the following are most important: 
the matching of intensities by the eye involves subjective as well as 
objective factors; under the same conditions of observation, different 
eyes vary considerably in the precision with which they make it 
possible for the observcT to perceive differences in contrast; the 
sensitivity of an observer to differences in contrast varies markedly 
with the average brightness level of the visual field; and the visual 
stimulus is a complex function of the wavelength of the exciting 
radiation. 

As shown in Fig. 14.3, the average observer is able to perceive 
intensity differences of about 1 per cent (corresponding to density 
differences of about 0.0043) at a brightness of 10 mL.* However, 
at a brightness of 0.001 mL, an inten.sity difference of about 20 per cent 
(corresponding to a density difference of 0.079) is required for dis¬ 
crimination. In order for the percentage density error to be small 
in measurements of al)sorbing substances in the region of maximum 
absor})tion, it is essential that the measurements be made with 
samples having high density values (say 1.5 to 2.0). Such values 
correspond to low transmissions and may result in reduction of 
brightness of the field to the point at which sensitivity to contrast is 

* The lambert, abbreviated L, is a unit of brightness equal to the average brightness 
of a surface emitting or reflecting 1 lumen per square centimeter. The millUamberU 
abbreviated ml., which equals 0.001 U is generally used as the unit of brightness 
except for very bright surfaces. 
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materially reduced (Fig. 14.3). This reduction is especially apt to 
occur at the two ends of the visible spectrum, where the luminosity 
per unit of radiant energy is quite low. 

In general, it may be concluded that (a) the visual method is useful 
in some routine work, (b) more objective methods should be em¬ 
ployed if the greatest precision is required, and (c) special caution 
needs to be used when the visual method is applied to transmission 
measurements of specimens having absorption bands at the extreme 
red and blue ends of the visible spectrum. In the following four 
sections, several typical visual spectrophotometers are discussed. 



0.0001 0.01 1.0 100 10,000 
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14.11. Instruments Using the Martens Tsrpe of Polarizing 
Photometer. The Martens type of polarizing photometer (Fig. 14.4) 
employs a Wollaston prism as a polarizer. When the two beams of 
light to be photometered are passed through such a prism, each beam 
is split into two beams which diverge from each other and which are 
plane-polarized in directions perpendicular to each other. Thus four 
beams emerge from the Wollaston prism. 

Of these beams, only two, polarized perpendicuharly to each other 
and corresponding to the two original beams of light to be photome¬ 
tered, are to be observed in the final photometric field. It is neces- 
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sary, therefore, to discard the undesired beams and to direct the 
desired ones in such a manner that they will be brought together side 
by side in the* fiehl of view. This result is accomplished by a bi¬ 
prism, which splits the four beams into eight but directs only the two 
desired ones toward the photometric field, and by appropriate stops 




Fig. 14.4. Schematic diagram of Konig-Martens Spectrophotometer. A, 

light source; L, condensing lenses; C, absorption cells; (S, entrance slits; Pj, 
collimating lens and refracting prism; P 2 , dispersing prism; U\ ^Yollaston 
polarizing prism; P, biprisra and telescope lens; G, analyzing prism; D, divided 
circle; P, eyepiece lens. (By permission from Opfical Methoda of Chemical 
Analysis by T. R. P. Gibb, Jr. Copyrighted 194!^ by McGraw-Hill Book Co., 
Inc.) 


which minimize the possibility that scattered light from the discarded 
beams will traverse the system. The observer, looking into the eye¬ 
piece at the end of the optical train, sees a field of view divided in the 
middle. One half is illuminated by plane-polarized light from one 
of the original beams; the other half is illuminated by perpendicularly 
plane-polarized light from the second of the original beams. A Gian- 
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Thompson or Nicol prism, placed at a suitable position between the 
biprism and the eye of the observer, is used as an analyzer. 

As the analyzer is rotated continuously in one direction, the two 
halves of the photometric field are extinguished alternately at 90-deg 
intervals. These positions of the analyzer are known as the extinction 
points. The two halves of the photometric field are matched in 
intensity at intermediate positions between the extinction points, 
known as the zero points. If the original beams are of the same 
intensity and if the optical system is symmetrical, zero points occur 
halfway between extinction points; otherwise, this may not be 
precisely true. 



Fig. 14.5. Polarizing spectrophotometer manufactured by the Gaertner 
Scientific Corp., Chicago. 


In the Kdnig-Martens spectrophotometer,® the Wollaston prism 
and biprism are mounted at the position of the telescope lens of the 
spectrometer. The analyzer prism is mounted in the eyepiece, 
behind a slit that gives a photometric field in which each half is 
illuminated uniformly throughout with a mixture of colors corre¬ 
sponding to the spectral range under examination. 

Many commercial instruments, such as those of Bausch^& Lomb 
and Gaertner (Fig. 14.5), employ an alternative arrangement in 
which the photometer (together with accessories for illumination, 
holding the ceils, and other purposes) is a unit separate from the 
spectrometer, the latter being of the constant-deviation type. With 
this arrangement, the photometer field is focused on the entrance slit 


® H. J. McNicholas, Bur. Standards J. Research^ 1, 79S (19!28). 
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of the Kspectrometer. The field viewed through the eye lens of the 
spectrometer consists of two spectra, one immediately above the 
other. The spectral range in view at any one time is limited by 
laterally adjustable stops in the spectrometer eyepiece. 

For transmission measurements, the Bausch & Lomb and Gaertner 
instruments use a back-illurninatcd diffusing screen as a source. 
For measuring the transmission of liquids, the Bausch & Lomb 
photometer may be obtained in a modified form with cells of con¬ 
tinuously adjustabk* depth similar to those used in Duboscq colorime¬ 
ters. For reflection measurements, both the Bausch & Lomb and 
(ja(Ttner instruments use sj)here illuminators. 

14.12, Hilger-Nutting Polarizing Spectrophotometer. The Hilger- 
Nutting polarizing spectrophotometer em])loys a photometer and 
constant-deviation spectrometer arranged in tandem as in the Bausch 
& Lomb and Gaertner instruments. The original Hilger-Nutting 
photometer had one fixed polarizing prism system followed by a 
rotatable analyzer. An improved rnodtd, described in two pai)ers 
by Dowell,utilizes a second, fixed analyzcr-prisra system following 
the rotatable analyzer, which results in a more extended, or open, 
density scale at the higher density values (§ 14.13), in the elimination 
of a certain amount of stray light, and in the emergence from the 
photometer of a beam with a constant plane of polarization instead 
of one that rotates with changes in the setting of the rotatable 
analyzer as in the case of instruments with a single analyzer. The 
constant plane of polarization obviates the possibility that changes 
in the photometer adjustments might cause changes in the trans¬ 
mission characteristics of the spectrometer as a result of reflections 
at optical surfaces. 

For transmission measurements, the Hilger-Nutting spectro¬ 
photometer ordinarily uses a Pointolite-lamp source, which gives a 
comparatively bright photometric field. It may also be fitted with 
a sphere illuminator, which gives a somewhat more uniform field but 
one of much less brightness, not so well adapted to transmission 
measurements at high densities. For reflectance measurements, the 
sphere illuminator should be used. An attachment is provided 
whereby opaque objects and standard reflecting surfaces may be 
illuminated by a 500-watt Pointolite lamp, the angles between the 
specimens and the light source on the one hand and between the 


M. n. Dowell, Jour, Sci, Inst., 8, 382-384 (1931); 10, 153-156 (1933). 
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specimens and the photometer beams on the other being adjustable. 
To measure absorption by polished opaque specimens with high sur¬ 
face reflectance, a Pointolite illuminator is provided in which the light 
from the source is reflected back and forth several times between two 
samples of the specimen before entering the photometer. 

14.13. Manipulation of Polarizing Spectrophotometers. For 
transmission measurements, the specimen is placed in the path of one 
of the photometer beams. If the absorbing specimen is a substance 
in solution, a duplicate cell containing the solvent is placed in the path 
of the other beam (§ 14.4). For reflectance measurements and for 
measurements of the absorption of opaque substances, the light 
entering one of the photometer beams is reflected from the specimen 
and the light entering the other photometer beam is reflected from a 
comparison surface (reference standard) having a nearly uniform 
reflection coefficient in the range of the visible spectrum. Mag¬ 
nesium oxide is, aside from its fragility, an excellent material for a 
reference standard. Its reflection coefficient is about 0.97 throughout 
the visible region, it is a good diffuser, and its reflection characteristics 
do not vary appreciably with time. If a less fragile surface is desired, 
white glass or porcelain may be used and calibrated with respect to 
MgO. Further details regarding methods of illumination and 
manipulation in reflectance measurements are given in the references 
at the end of this chapter. 

Several commercial photometers are provided with scales from 
which opacity, reflectance, and density may be read directly. 

To determine a complete spectral curve of transmission or reflect¬ 
ance, readings are taken at intervals throughout the spectrum, the 
wavelength being adjusted by means of the spectrometer drum for 
each new set of readings. The most appropriate wavelength interval 
between readings depends on the accuracy with which it is desired to 
determine the characteristics of the specimen and the nature of the 
spectral transmission or reflectance curve. For specimens with pro¬ 
nounced selective absorption, determinations must be made at more 
frequent intervals than for those having general absorption only. 
Intervals of 50 to 500 A are commonly used. The width of the en¬ 
trance and exit slits should be adjusted for the maximum purity of 
spectrum consistent with sufficient brightness of field for accurate 
matching. Measurements should be carried out in a darkened room 
after the eyes have become accommodated to the low light level 
of the room. 
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14.14. Other Visual Spectrophotometers and Their Manipulation. 

The Keuffel and Esscr color analyzer^ (Fig. 14.6) employs a rotating 
sector of fixed angle in the specimen beam and one of variable angle 
in the comparison beam, both })eing mounted on the same shaft. A 
motor rotates the sectors at sufficient speed to eliminate noticeable 
flicker. The two photometer beams illuminate the entrance slit of 
a constant-deviation spectrometer. The division in the photometric 
field is produced by a biprism placed between the dispersing prism 



Fig. 14.6. Keuifel and Esser color analyzer. (By perraissioii from Measure¬ 
ment of Radiant Energy, edited by W. E. Forsythe. Copyrighted 1937 by 
McGraw-Hill Book Co., Inc.) 


and the spectrometer telescope lens, resulting in a field similar to that 
viewed in the Konig-Martens spectrophotometer (§ 14.11) except 
that the dividing line is horizontal instead of vertical. The variable 
sector is adjusted by a special mechanical arrangement, while the 
sectors are in motion, until the two halves of the photometric field 
match. The value of h/I^ or R corresponding to this adjustment 
is read directly from a suitable scale. A sphere illuminator is used 
for both transmission and reflectance measurements. 

6 C. W. Keuffel, Jour. Oyt. Soc. Am, and Rev, Set, Inst,, 11, 403 (1925). 
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For comparison of the intensities of light sources, it is advantageous 
to be able to introduce two widely separated light beams into the 
spectrometer. The Lurnmer-Brodhun'’’ and Guild^ photometers ac¬ 
complish this by the use of two collimating systems in conjunction 
with a suitable optical system for causing the two collimated beams to 
illuminate different portions of the final photometric field. The 
Buckley and Brookes photometer® uses a Lumraer-Brodhun cube to 
bring together two light beams before focusing them on the slit of a 
constant-deviation spectrometer. 

Several means of varying the light intensities other than those pre¬ 
viously described have be^en used. Variation of collimator slit 
width has been employed with the Lummer-Brodhun instrument. 
Adjustment of a rotating sector while in motion can be accomplished 
by the use of a cylinder instead of a disk and by cutting away the 
cylinder in such a way that moving it along its axis perpendicular tc 
the light beam changes the effective aperture.^ The Guild instru¬ 
ment ^ employs a series of interchangeable fixed sectors in combination 
with movable neutral absorption wedges placed close to the collimator 
slit. In the Buckley and Brookes photometer.® the brightness of the 
source is varied by controlling the voltage at which it is operated. 
With small concentrated sources, use may be made of the inverse- 
square law as a means of varying the intensity.* Finally, a variable 
aperture may be placed at a suitable point in the optical train at 
which there is a uniform parallel beam of radiation (§ 14.^2). 


PHOTOGRAPHIC ABSORPTION SPECTROPHOTOMETRY 

14.15. General Considerations. Photographic absorption spec¬ 
trophotometry involves the use of homochromatic photographic 
photometry, which was discussed in detail in Chapter 13 and is con¬ 
sidered here only in relation to certain special aspects concerned with 
absorption measurement. 

Photographic materials may be applied to the study of absorption 
(a) as qualitative or semiquantitative recorders for indicating the 

O. Lummer and E. Brodhun, Zeitschr. InMrvmentenIc., 12, 13^^ (1S92). 

^ J. Guild, Trans. Opt. Soc., 26, 74-94 (1925). 

®H. Buckley and F. L. C. Brookes, Jour. Sci. Inst. 7, 305-317 (1930). 

»F. L. Dunn, Rev. Sd. bust., 2, 807-809 (1931). 

* The inverse-square law holds strictly only for point sources. As a general working 
rule, it may be assumed that deviation from the inverse-square law is less than 0.1 per 
cent if the minimum distance from the source is 15 times its diameter. 
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positions and relative magnitudes of absorption maxima and minima, 

(b) as calibrated responders to radiant energy for determining the 
relative intensities, /o and h, of the radiation incident upon and 
transmitted by an absorbing specimen at particular wavelengths, and 

(c) as null indicators for determining the wavelengths at which the 
spectra of radiation transmitted by an absorbing specimen match 
comparison spectra photographed with predetermined reductions in 
intensity level or time of exposure. One or the other of these applica¬ 
tions is t he basis of every method of photographic absorption spec- 
trophot om etry. 

All the above applications make use of: (a) a suitable light source 
(§ 14.6), (b) a means of introducing the specimen into the beam of 
radiation between the source and the speetrograpli slit (for example, 
absorption cells, as discussed in § 14.7, if liquids or solutions are to be 
examined), (c) a spectrograph, and (d) photographic plates or films 
and appropriate means of processing them. In addition, the second 
and third applications require a means of changing the intensity of 
the radiation or the time of exposure by known amounts. This 
requirement is most often met by a split-beam photometric device, 
placed between the source and the spectrograph. 

The determination of absorption spectra photographically with a 
split-beam photometer is somewhat similar to the techniques de¬ 
scribed in the section on visual spectrophotometry. In visual 
spectrophotometry, however, one normally selects a f)articular wave¬ 
length regioii and adjusts the photometer until the two halves of the 
photometric field are matched in that region. With photographic 
methods, it is customary to photograph a series of pairs of spectra, 
each with a different setting of the photometer, and then to determine 
the wavelengths, if any, at which match points occur for each spec¬ 
trum pair (see Fig. 14.7). This procedure is an example of the null 
method. The same plate, with its several pairs of spectra, may be 
examined also at specific wavelengths, the photometric settings that 
correspond most closely to match points being determined for each 
wavelength, and the corresponding values of /x//o being estimated by 
interpolation. This procedure is an example of the calibration 
method. 

14.16. Advantages and Limitations of the Photographic Method. 

Photographic spectrophotometry is not so well adapted to use by 
semiskilled technicians as is photoelectric spectrophotometry with 
standard commercial instruments. In addition to the manipulation 
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of the photometer and spectrograph, photographic processing and 
examination and interpretation of the plates are involved. These 
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Fig. 14.7. Absorption Spectra of human serum photographed with a Spekker 
split'beam photometer (§ 14.20). The dots indicate match points between 
adjacent spectra (comparison and absorption) as determined visually. The 
general shape of the absorption curve (corresponding to the presence of proteins 
and nucleic acids in the serum) is indicated by the positions of the dots, but for a 
more quantitative presentation these data would be plotted as an absorption 
curve. 


require considerable skill and care if reliable results are to be ob¬ 
tained, so that commercial photoelectric spectrophotometers will 
probably be preferred in many laboratories. 
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On the other hand, the photo^?raphic method offers certain advan¬ 
tages. A simple test plate, taken and processed in less time than is 
required for a point-by-point photoelectric determination of an 
absorption curve, often yields information of considerable value. 
The fact that the entire spectrum is recorded on the plate often makes 
it possible to observe details of absorption that might be overlooked 
with point-by-point methods. Furthermore, spectrum details that 
are unresolvable with simple j)hotoelectric instruments may some- 
limes be observed in photographic spectrognams. Because of these 
advantages, research laboratories find it useful to have available both 
photographic and photoelectric absorption spectrophotometers, using 
each for the particular applications to which it is best suited. 

14.17. Spectrographs for Photographic Absorption Spectropho¬ 
tometry. Prisms have been employed muc h more extensively than 
gratings in s[)(‘ctrograf)hs for photographic absorption spectrophotom¬ 
etry, partly as a result of the greater availability of prisms. This 
situation may change as improvements take place in the production of 
gratings and grating replicas. Gratings have several advantages, 
including approximately eonstant dispersion as a function of wave¬ 
length. They also have disadvantages, of which the most important 
for many spectrophotometric applications are (a) the astigmatic 
images of the slit formed on the spectrum plate, except when the 
Wadsworth type of mounting or special methods of illumination are 
used, and (b) the necessity for removing overlapping orders, except 
in the first order of wavelengths (Chapters 2 and 4). 

Prism spectrographs for absorption spectrophotometry usually have 
quartz optics, since the photographic method is largely employed for 
the ultraviolet region from 2000. to 4000 A. Glass optics are, of 
course, better for work in the visible region, where the dispersion of 
quartz is low, and many suitable spectrographs with glass optics are 
available (Chapter 3). Constant-deviation wavelength spectrometers 
of the type used in certain visual absorption spectrophotometers 
(see §§ 14.11 to 14.14) may usually be fitted with a camera in place of 
the viewing eyepiece, thus converting them to spectrographs suitable 
for photographic spectrophotometry in the visible region. Finally, 
some spectrographs may be obtained with interchangeable optics of 
various materials, including glass and quartz. Typical commercial 
quartz spectrographs for absorption work are listed in Table 14.3. 

The choice between a small or a medium quartz spectrograph de¬ 
pends largely on whether measurements are to be made with it only 
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in the ultraviolet or are to include the visible region. The so-called 
‘"medium” size usually has about three times the theoretical resolving 
power and linear dispersion of the “small” size. This higher resolving 
power and dispersion are of distinct advantage in the range above 
4000 A because of the low dispersion of quartz in this region. In the 
ultraviolet, however, the situation is different. With a slit width of 
0.02 mm, the effective resolution obtainable with a typical small 

TAHLK 14.3 

Specifk atkins of Typical Commercial Quartz Specthoc.rapiis Useful in 
Absorption Spectrophotometry 


(All dimensions in centimeters) 


Manufacturer 
and type No. 

j Prism 

i 

(\>lliraator 

lens 

Telescoi)e 

lens 

lA^ngth of si>ectrum 
2000 to SOOO A 

Small ifudramertt-'t 

Adam Hilger 

Cornu 

1 

Diain 1.9 

Diam 2.() 

7.3 


1.7 X 

fo «'.8 

/o 18.7 


(laertner 

Cornu 

Diam 2.5 

Diam 2.5 

7.2 


2.0 X 3.0 

fl> 18.5 

//) 16.5 



Medium or mfermedmte insfrunienfs 


.Adam Hilger 

Cornu 

Diam 

5.1 . i 

Diam 

5.1 

22.5 


4.1 X 0.5 

u 

01.0 ! 

u 

01.0 


liausch & Lomb 

(\irnu 

Diam 

5.0 

Diam 

.).0 

24.9 


4.0 X 0.5 

fi> 

t)7.5 

u 

07.5 


(iaertner 

Cornu 1 

Diam 

5.0 

Diam 

5.0 

37.5 


4.0 X 0.5 

Id 

70.0 

If) 

70.0 



quartz spectrograph is about 1.2 A at 2500 A and 3.0 A at 3000 A; 
these values are entirely acceptable for routine absorption spectro¬ 
photometry, and the dispersion from 1850 to 3000 A is satisfactory 
for most needs. For work in the region below 2300 A, where quartz 
absorbs appreciaUy, small spectrographs are sometimes to be pre¬ 
ferred because of shorter path length through their optical com¬ 
ponents, and the greater feasibility of selecting small quartz specimens 
of high transmission in this region. Spectrography to 1850 A may 
be accomplished readily with small instruments having specially 
selected quartz optics. 

The greater dispersion of medium instruments may be useful even 
in the ultraviolet when techniques involving direct visual examination 
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of the plates are employed. Usually one may accomplish this 
equally well by enlarging the plates or examining them by projection. 
If, however, spectra are to be matched or densitometered by objective 
devices such as photoelectric densitometers, which are unable to dis¬ 
tinguish between true photographic effects and defects in the plate, a 
large spectrum size on the negative is of advantage in reducing errors 
that arise from grain size, dust specks, and scratches in the emulsion. 

14.18. Photographic Materials and Processing. Photographic 
emulsions of moderate speed, high contrast, and small grain size, such 
as process plates or film, arc best adapted to routine absorption work, 
("outpast lantern-slide plates are quite satisfactory for use with small 
spectrogra[)hs. For wavelengths longer than about 5000 A, espe¬ 
cially sensitized emulsions must be used. Panchromatic process 
plates are entirely suitable. So also are the various fine-grain, high- 
contrast spectroscopic plates sensitized for this spectral range (see 
Cha])ler 7). 

Below about 2300 A in the ultraviolet it becomes necessary either 
to use special emulsions in which the ultraviolet absorption due to 
gelatin is negligible or to sensitize the plates with a surface coating of 
a suitable fluorescent substance. A thin coating of almost any light 
machine oil,^^^ swabbed on the emulsion with a piece of chamois or a 
tuft of lint-free cloth, gives satisfactory sensitization for absorption 
work below^ 2500 A. Before development of the plate, the oil must 
be washed off carefully with a suitable solvent, such as benzene. Spe¬ 
cial ultraviolet-sensitized spectrographic plates may also be obtained 
(see Chapter 19). 

The precautions outlined in Chapter 7 as to uniformity of condi¬ 
tions of development, fixing, and washing should be observed. In 
order to minimize sources of error in density comparisons, it is par¬ 
ticularly important to avoid the presence of air bubbles on the emul¬ 
sion during development and fixing, and to carry out all processing, 
including drying, in an atmosphere as free from dust as practicable. 

For further details regarding photographic techniques, see Chap¬ 
ter 7. 

14.19. Semiquantitative and Plate-calibration Methods. Semi- 
quantitative indications of relative absorption may be obtained by 
photographing a series of absorption spectra with different exposure 
times and constant intensity, different intensities and constant ex- 


10 G. R. Harrison, Jour, Opt, Soc, Am. and Rev. Set, Inttf.. 11, 113, 341 (1925). 
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posure time, or different thicknesses of the absorbing specimen (using, 
for example, a Baly tube, as described in § 14.9). Such groups of 
spectra can be made to blacken the plate in such a way that the 
outline of the less dense areas traces out an approximate absorption 
curve of the specimen (Fig. 14.8). Much early work in absorption 
spectrophotometry was done by such means. 

Instead of photographing a series of separate absorption spectra, 
one may take a single spectrogram through a wedge-shaped or multi- 
step specimen so placed that the light arriving at different portions of 
the spectrograph slit (and thence proceeding to different positions on 
the photographic plate) traverses different thicknesses of the speci- 
men.^^’ xYlternatively, the plate may be caused to move at varying 



Fig. 14.8. Absorption spectra of tyrosine at liquid-hydrogen temperatures, 
photographed with different exposure times. 


rates of speed, by means of a motor-driven cam, during the period of 
exposure, so that the time of exposure is a function of the position 
of the spectrum on the plate,i^ or the plate may be caused to move at 
constant speed while the intensity of the light incident on the specimen 
or the thickness of the absorbing specimen is changed. 

From these semiquantitative methods, it is but a step to the 
calibration of the plate (see Chapter 13) and the quantitative deter¬ 
mination of /x//o. If a series of comparison spectra is photographed 
at different intensities or exposure times, the blackening of the plate 

H. S. Uhler and R. W. Wood, Aflaa of Absorption Sperfra. Washington, D. C.: 
Carnegie Institute, 1907. 

** C. E. K. Mees, Atlas of Absorption Spectra. I^ndon: Longmans, Green and Co., 
1909. 

E. R. Holiday, Jour. Set. Inst, 11, 166 (19.S7). 
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at particular wavelengths by the comparison spectra may be com¬ 
pared with the blackening produced by the absorbing spectrum, and 
the values of /x//o may be determined at these wavelengths by 
interpolation. The density comparison may be made with a den¬ 
sitometer (Chapter 13) or by visual means. In one of the earliest 
methods of quantitative absorption spectrophotometry, Henri''* took 
alternate spectrograms through equal path lengths of solution and 
solvent, varying the time of exposure through the solvent. He then 
determined the wavelengths at which adjacent pairs of spectra 
matched each other in blackening and computed the ratios of /x//o 
from the relative times of exposure. Corrections were made for 
re(!i[)rocity law failure by application of an expression due to Schwarz- 
schild ((^hapter 7). 

A simple method of quantitative absorption spectrophotometry, 
similar to that of Henri and based on a simj)lified method of plate 
calibration, is the following: A series of exposures of say 10, 20, 50, 
and 100 sec duration is j)hotographed through the specimen and a 
series of comparison exposures is photographed on the same plate 
in steps of 1 sec from 1 to 10 sec, inclusive. After development of 
the plate, an enlargement is made. The absorption spectra are cut 
out and brought into juxtaposition with the various comparison 
spectra to determine approximate match points visually at various 
wavelengths. The ratios /^Z/o at each wavelength are determined by 
interpolation between the adjacent comparison spectra most closely 
matching the absorption spectra, on the assumption that the reciproc¬ 
ity law holds. Uncertainties regarding the reciprocity law may be 
eliminated by varying the intensity by one of the methods of Chap¬ 
ter 13. 

14.20. Split-beam Photometers. Split-beam photometers are 
devices for splitting a beam of light from the source into two beams, 
one of which traverses the specimen and the other a comparison cell 
(if one is used), for bringing the two beams into juxtaposition on the 
spectrograph slit and for reducing the intensity, or time of exposure, 
of the comparison beam by known amounts. Such devices permit 
the simultaneous photography of pairs of absorption and comparison 
spectra under circumstances in which the relative exposures of the 
two spectra may be controlled. 

For photographic spectrophotometry in the spectral regions which 


V. Henri, Phys. Zeitschr,, 14, 515-,516 
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they transmit (roughly 3400 to 10,000 A), combinations of polarizing 
split-beam photometers and wavelength spectrometers of the type 
de.scribed in §§ 14.13 and 14.14 may be u.sed. The eyepiece of the 
spectrometer is replaced by a camera, and a series of pairs of spectra is 
photographed with different photometer settings corresponding to the 
values of V/o for which spectral match points are to be determined. 
While polarization photometry is possible down to 2300 A with 
appropriate polarizing prisms,i'’ modern .split-beam photometers for 
the ultraviolet employ adjustable rotating sectors or variable aper- 
tures rather than polarization optics. 



Fig. 14.10. Diagram of Spekker photometer. Z, Jight source; Ru R 2 . Rss Ra, 
reflecting rhombs; Lu collimating and focussing lenses; iSj, fixed slit: 

S 2 , variable slit, adjusted by drum D; (7i, absorption cell; (72, comparison cell; 
Si, spectrograph slit. 

The rotating-sector photometer, first employed by Henri^^ and later 
developed by Twyman,^® has been used extensively for photographic 
spectrophotometry, particularly in combination with quartz spectro¬ 
graphs for studies in the ultraviolet region. A rotating sector of 
fixed angular aperture (usually 180 deg) interrupts the light beam 
passing through the absorbing specimen, and one of variable angular 
aperture (usually 0 to 180 deg) interrupts the comparison beam. 
These sectors may be mounted on separate shafts, as in the Hilger 
photometer, or may be parts of a single sector disk mounted on one 
shaft, as in the Bausch & Lomb and Gaertner photometers (Fig. 14.9). 

The Judd-Lewis^^ and Spekker^® photometers (Figs. 14.10, 14.11) 

R. W. Wood, Physical Optics. New York: The Macmillan Company, 1934, 

'*See H. E. Howe, Phys. Rev., 8, 074 (1910). 

S. Judd-Lewis, Trans. Chern. Soc. (London), 115, 312-319 (1919). 

F. Twyman, Trans. Opt. Soc. (London). 33, 9-19 (1931-32). 
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are adjustable-aperture devices that are similar in principle though 
somewhat different in optical design. Both control intensity by 
varying the sizes of apertures in parallel beams of radiation that are 
uniform in intensity throughout their cross section. For this pur¬ 
pose, the Judd-Lewis uses mechanical vanes that may be adjusted 
by rotation so as to pass more or less of the beam, whereas the 
Spekker uses a rectangular aperture adjustable by a micrometer 
screw. The Spekker photometer has been employed extensively in 
photographic absorption spectrophotometry. It has a sufl&ciently 
open scale at the higher densities to permit settings up to a density 
of 2.0 with errors of probably less than 1 per cent. 



Fig. 14.11. Spekker photometer, manufactured by Adam Hilger, Ltd., London. 

(Courtesy Jarrell-Ash Company, Boston.) 


The instruments described represent the principal types of split- 
beam photometers used in photographic absorption spectrophotom¬ 
etry. Other methods may, of course, be used both for accomplishing 
separation and juxtaposition of the beams and for varying the 
intensity or time of exposure of one or both beams. 

14.21. Multiple-beam Photometers. Split-beam photometers re¬ 
quire a separate exposure for each pair of absorption and comparison 
spectra. Several ingenious methods have been devised to permit the 
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I)holograi)hy of several pairs of spectra at the same time, thus reduc¬ 
ing the total exposure time. 

Tlie notched-echelon-cell photometer^“ (Fig. 14.12) employs a pair 
of cells in which the path length through the cell contents varies as a 
function of the height in a series of 10 steps. The ratio of the length 
of each new step to that of the one immediately preceding it is a 
constant. The edges of the cells arc cut at 4.5 deg to the faces so as 
to act as totally reflecting prisms. One edge of the absorption cell 
has a scries of rectangular notches cut in it, each of which overlaps 
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Plan 



Fig. 14.12. Diagram of the notched echelon cell photometer developed by 
Adam Hilger, Ltd., London. 


half of two adjacent steps. When the cells are mounted and illumi¬ 
nated, light from the comparison cell and from the specimen cell 
alternately impinges on the spectrograph slit, because of the action 
of the notches in alternately blocking and transmitting each beam. 
As a result, there appears on the photographic plate, after one expo¬ 
sure, a series of 10 pairs of spectra corresponding to the 10 different 
path lengths through the specimen and the solvent. An adjustable 
rotating sector is used to reduce the intensity of the comparison 


F. Twyman, Proc, Phys. Hoc. (London), 45, 1-19 (1933). 









396 ABSORPTION SPECTROPHOTOMETRY [§14.22 

beams by a known amount. The cells used are difficult to make and 
to maintain, and the instrument has not come into wide use. 

OT3rien“^ made use of a multiple cube to bring into juxtaposition 
on a spectrograph slit 10 or 12 alternate beams of light from an 
absorption cell and a comparison cell. The comparison beams were 
reduced in exposure time by a rotcating step sector with steps corre¬ 
sponding to the various beams. A multiple spectrograph slit, con¬ 
sisting of a series of apertures of different widths to provide variation 
in light intensity of the comparison beam and a single aperture of the 
maximum width for the specimen beam, is used by Kipp and Zonen 
in a simple apparatus for photographic absorption spectrophotometry. 
Other methods include the use of multiple-aperture diaphragms of 
fixed aperture in combination with wedge or step cells, multiple- 
aperture diaphragms of variable aperture, and so on.-^’ 

14.22. Considerations Governing Alignment and Illumination. 
Critical attention to optical alignment is important (see Chapter 5). 
Some spectrographs and photometers arc equipped with optical 
benches to simplify alignment procedures. If the fittings that sup¬ 
port absorption cells are adjustable, care should be exercised to see 
that the cells are centered in, and parallel to, the beams in which 
they are placed. 

Condensed spark sources, frequently used in photographic spec¬ 
trophotometry, may deposit evaporated metal on near-by areas. 
This debris must be cleaned, at regular intervals, from any optical 
surfaces on which it accumulates. Spark and open-arc sources 
should be retrimmed and realigned before the electrodes show appre¬ 
ciable wear. If a shutter is used to control exposures, it should be 
placed between the source and the specimen so as to minimize the 
possibility of photochemicai effects on the absorbing material. 

The possibility of errors resulting from synchronization between an 
intermittent source and a rotating sector may be eliminated by using 
a discharge tube or arc source Of>erated on direct current. In a cir¬ 
cuit with comparatively high capacitance operated from a 60-cycle 
AC transformer, trains of sparks may occur only once in each half 
cycle (that is, 120 times per second, corresponding to sector rotations 

B. O’Brien, Phys. Rer., 37, 471 (1931), 

F. Twyman, L. J. Spencer, and A. Harvey, Trans, Opt. Soc. (London), 33, 37 
(1932). 

22 A. Harvey, Science Progres.'t, 27, 650 (1933). 

22 0. E, Miiler, Rev. Sci, Inst., 3, 30 (1932). 



ABSORPTION SPECTROPHOTOMETRY 


397 


§14.23] 

of about 9 to 30 deg). Under such circumstances, the illumination 
of the different aspects of the sector throughout a single revolution 
may be quite different. An averaging out to yield approximately 
uniform integrated illumination of the sector openings during the 
exposure may be assumed only if the sector rotation is not synchro¬ 
nized with the alternations of the AC supply and if many revolutions 
of the sector take place during an exposure. Similar considerations 
apply if an AC-operated discharge tube or arc is used (or any other 
source operated from alternating current or low-frequency inter¬ 
rupted direct current). 

Dirt on the spectrograph slit is especially troublesome in methods 
of photographic photometry in which spectrograms arising from 
different portions of the slit are to be compared. Lack of parallelism 
of the slit jaws may also introduce errors in such instances. 

14.23. Choice of Density in Specimens; Determination of 
Match Points. The greatest accuracy in matching or measuring the 
plates is attainable if the specimen has comparatively high density 
values. On the other hand, the accuracy of some photometers (for 
example, sector photometers) is somewhat decreased at the highest 
density values for which they are calibrated. Good results are 
generally obtained with specimens that have a maximum density, 
within the spectral range to be measured, of about 1.5 for sector 
photometry and of about 1.8 to 1.9 for photometry with the Spekker 
instrument. Samples of higher density may be measured with the 
notched echelon cell, the simple method described in § 14.19, and 
certain other photometric methods. 

The appropriate concentration and cell length to yield the optimum 
maximum density may be computed in advance for solutions of sub¬ 
stances whose concentration and absorption characteristics are 
known. If either the concentration or the absorption characteristics 
of the solute are unknown, one or more test plates must be taken to 
determine the concentration and cell length to use. After some 
experience, a rapid visual examination of the plate will suffice to 
indicate, very closely, what changes in concentration or cell length are 
required. Alternatively, test plates may be taken with several 
different cell lengths. 

The final plate in split-beam photometry is usually taken with a 
considerable range of density settings, at density intervals of about 
0.1. For greatest precision in density determinations, intervals of 
0.05 may be used; closer settings are of little assistance. 
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The determination of the positions of niateli ])oints on adjac’ent 
pairs of absorption and eomi)arison spectra may be accomplished by 
observing the plate directly or under a magnifying glass, the match 
points being marked with ink spots. This proc*edure is tedious and 
difficult for many persons, even when ai)pro])riate viewing stands and 
illumination systems arc provided. Some workers prefer to use })aper 
positives, at 4X to 5X enlargement, for the visual determination of 
match points. Others prefer to project the plates upon screens, at 
many times enlargement, determining the match points on the pro¬ 
jected images. If the plates are projected through tracing cloth or 
paper, the match points may be sjjotted on the reverse side, so as to 
yield a permanent record- 

Better accuracies in visual matching im^y sometimes be attained by 
determining, through interpolation, the densities at particular wave¬ 
lengths that correspond to match values, rather than by determining 
the wavelengths that correspond to match i)oints for eacli partic*ular 
pair of spectra. Photoelectric densitometry may also be employed 
(see Chapter 13). 

14.24. Precision of Determination of Wavelengths and Densities. 

Spectrographs for photographic absorption spectro{)hotometry are 
usually equi])ped with built-in trans]mrencies by means of which 
scales of wavelengths (or frec|uencies) may be printed directly on the 
plate while it is in the spectrograph. Ordinarily, a scale is printed 
at the top of the plate, and again at the bottom, and the wavelengths 
of positions on the intervening spectra are determined by placing a 
straight-edge across the spectra and corresponding marks on the two 
scales. This method involves errors of the {msitioning of the individ¬ 
ual spectra on the plate, as well as errors in the scale and its position¬ 
ing, but it is sufficiently accurate for much absorption work. It is 
well to check the positioning of a built-in scale by comparing it with 
the known wavelengths of a line source, such as a mercury arc, before 
relying on it for wavelength determination. When the greatest 
wavelength accuracy is desired, a line source may be em])loyed and 
wavelengths may be determined from the lines and from interpolation 
between them. If a continuous source is used, a line source may be 
photographed on the same plate for wavelength calibration. 

When match points are determined visually, the precision attain¬ 
able is primarily a function of the ability of the eye to distinguish 
between different brightness levels. The precision of concentration 
determinations is about =*=1 per cent at a density of 1.0 or =*=0.5 per 
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cent at a density of 2.0, if a method is used in which densities are 
determined at [)articular wavelengths. In general, an error of 
about 1 per cent may be expected if high density values are used. 
Determination of match points by photoelectric densitometers may 
decrease the detectable density increment, A79, by a factor of 10 
or rnore.^^ With such an increase in the prec'ision of match-point 
determination, other errors, suc*h as those of photometer calibration 
and adjustment, usually become limiting. 


PIIOTOELFXyiRIC ABSORPTION SPECrfROPHOTOMETRY 

14.25. General Considerations. Photoelectric and thermoelec¬ 
tric* photometry are discussc'd in detail in (4iapter 12. Photoelectric 
photometry is used extensively in absorption sj)ectroj)hotometry of 
the ultraviolet and visible; thermoelectric photometry, in the infra¬ 
red. 

Photoelectric absorf)tion spectrophotometry usually makes use of 
photocells as radiation receivers either to measure the intensity of 
radiation in si)ecimen and c’omparison beams alternately at a succes¬ 
sion C3f wavelengths, or to determine when an equality of intensity has 
been established, at eac’h of a series of wavelengths, between specimen 
and comparison beams in optical null methods of photometry. In 
either of these methods, two important problems arise: that of 
achieving suffic;ient freedom from scattered light in the dispersing 
system so that the photocells (which usually have markedly different 
sensitivities at different wavelengths) are not unduly influenced by 
scattered radiation; and that of providing a suflSciently low threshold 
of response in the photocell-amplifier-indicator system (in terms of 
radiant power required to produce a signal equal to the background 
noise level) to permit measurements to be made with a high degree 
of spectral purity at low light levels. 

Scattered light is a particularly troublesome source of error when 
measurements are made in a spectral region for which the photocell 
sensitivity is low and in the presence of scattered radiation for which 
its sensitivity is high. Insofar as practicable, therefore, photocells 
should be chosen to have at least as high sensitivity in the range to be 
measured as outside this range. To approximate this condition, it is 
possible to use two or more photocells of different characteristics to 

^ F. Twyman and G. F. Lothian, Froc. Phys. Soc. (London), 45, 643 (1933). 
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cover the spectral range 10,000 to 2000 A (see Chapter 12) and to 
supplement them with filters to modify their effec-tivc response char¬ 
acteristics within certain regions. Below 2500 A the situation is 
particularly difficult, since both photocell response and available 
light intensity are usually low in this range. 

Errors resulting from scattered light may be reduced by using a 
.suitably designed double monochromator (Cliapters 0 and 4). 

Photoelectric absorption spectrophotometry requires a liglit source, 
a dispersing system, a specimen holder, and a photocell and accessory 
electiical components. The possibility of making measurements with 
narrow bands of comparatively high spectral purity is facilitated by 
use of sourc'es of high steradiancy, dispersing elements of large area 
and high angular dispersion, and sensitive photoccll-amj)lifier systems 
with low noise level. Choice of an a])propriate light source was dis¬ 
cussed in § 14.6. 4^110 dis])ersirig system is usually a monochromator; 

various suitable monochromators are described in the following 
discussions of individual types of spectrophotometers as well as at 
the ends of Chapters 5 and 4. Except in certain optical null methods 
and automatic recording instruments, the specimen holder is usually 
a movable mounting by means of which absorption and com])arisoii 
cells can be shifted alternately into the light beam between the i)hoto- 
cell and the monochromator exit slit. Photocells, amplifiers, and 
measuring instrumemts are discussed in Chapter 12. 

14.26. Point-by-Point Instruments for Relative Intensity Meas¬ 
urements. With instruments of this type, sef)arate determinations 
of the relative intensities of the specimen and comparison beam^ are 
made at each wavelength for which measurements of Ix/Iq or 
logio (lo/Ix) are desired. 

The Beckman spectrophotometer (Fig. 14.13) is an example of a 
commercial instrument in this category designed to cover the range 
10,000 to 2000 A. It employs a quartz prism of the Littrow type 
with a concave mirror of 50 cm focal length for collimation. The 
relative aperture of the system is about//11. Two light sources are 
used: a 32-candle-powcr, 6-volt automobile headlight bulb, for 
measurements from 10,000 to 3200 A, and a hydrogen discharge tube, 
for extension of the short-wave limit to about 2200 A. The wave¬ 
length scale is calibrated to 2000 A, but the practi(*al working limit 
of the instrument with present light sources is somewhat less when 
substances having considerable absorption in this region are being 
measured. Filters are used to reduce stray light in various spectral 
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regions. It is claimed that stray light can be kept below 0.2 per cent 
throughout most of the 10,000 to 2000 A range. Two photocells are 
employed, one for the region above 62.50 A and one for that below. 
The photocell <;irciiit consists of a two-stage direct-coupled amplifier. 
An output meter indicates when the potential developed by the 
phototube cxirrent has been balanced by an opposing potential from 
a slide-wire potentiometer in the input circuit. The potentiometer is 
calibrated in per cent transmission from 0 to 110 and in densities 
from 0 to 2.0. 



Fig. 14.13. Beckman photoelectric quartz spectrophotometer, manufactured 
by National Technical Laboratories, South Pasadena, Calif. This instrument is 
also obtainable with glass optics. 


To operate the instrument, the wavelcnj^th at which transmission 
Is to be determined is first selected by means of a calibrated dial that 
controls the angle of the prism relative to the collimated beam. With 
the slide wire adjusted to correspond to 100 per cent and the beam 
passing through the comparison cell, the slit widths and the sensitivity 
are then adjusted until a null reading is obtained on the output 
meter. Next, the cell containing the absorbing specimen is shifted 
into the beam and the potentiometer is adjusted until a null reading 
is again obtained. The per cent transmission, or density, at the 
wavelength in question may then be read directly from the slide-wire 
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scale. In such a reading, it is assunn^d, of course, that the photocell 
current is a linear function of the intensity of radiation incident on it 
and that the slide wire is uniform. The accuracy with which can 
l)e determined is about =±=1 per cent of /o or better throughout most 
of the spectrum, provided sufficiently large slit widths are used. To 
achieve high accuracy in transmission measurements, it is often 
necessary to use slit widths corresj)ondiiig to spectral band widths (d* 
about 50 to 100 A at half-maximum intensity. In order to measure 
samples that transmit less than 10 per cent {D greater than 1.0), the 
sensitivity may be increased tenfold to j)ermit use of the full poten¬ 
tiometer scale for transmission measurements from 0.1 to 10 per cent 
{[) from 3.0 to 1.0). 

The Coleman double-monochromator spectrophotometer ernj)loys 
two transmission gratings in tandem as the dispersing system and a 
storage-battery-operated, 32-watt incandescent lamp as the light 
source, to cover the spectral range 10,000 to 3500 A. The use of 
two gratings reduces the stray light to less than 1 per cent on the 
average. The potential developed by the photocell current in an 
adjustable decade resistor is balanced against an opposing potential 
from a potentiometer. Null settings are determined with the aid of 
an electronic amplifier as in the case of the Beckman instrument. 
Adjustment (at any particular wavelength) for 100 per cent reading 
on the slide wire, with the comparison beam incident on the photocell, 
is accomplished by means of the decade resistor. The slits are of 
fixed width, corresponding to spectral band widths of 300, 150, 75, 
or 50 A. The accuracy of determination of /x is ±1 per cent of /u or 
better, depending on the slit widths used, except at the extremes of 
the spectral range. The potentiometer and electronic amplifier are 
external to the monochromator. It is possible to use a pH meter 
to supply these components. 

The Coleman single monochromator spectrophotometer (Fig. 14.14) 
is of somewhat simpler design, employing a single transmission 
gi’ating as the dispersing component and a barrier-layer photocell, 
connected to a sensitive galvanometer, as the radiation detector. A 
wider band width must be used than in the case of the double monO' 
chromator under similar conditions, but the instrument is consider¬ 
ably simpler and more compact. The photocell response may be 
read directly on the galvanometer or determined by means of a 
built-in potentiometric circuit. 
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The ('enco S])ectrophotelonieter (Fig. 14.1.5) makes use of a concave 
replica grating in a modified Eagle mounting as the dispersing system, 
an in(!andescent lamp as the liglit source, and a barrier-layer photocell 
and galvanometer as the radiation-.sensitive receiver and indicating 
system, h'ixed exit slits of 200, 100, or 50 A band width are used. 



Fig. 14.14. Photoelectric spectrophotometer for the region 3500 to 10,000 A. 

Manufactured by Coleman Instruments, Inc., Maywood, Ill. 


The value of /x/Zo at a particular wavelength is determined from 
successive readings of the galvanometer with the specimen and com¬ 
parison beams incident on the photocell. The spectral range covered 
is 10,000 to 3500 A. 

The commercial instruments described are typical of those used 
routinely in chemical, biochemical, and biological laboratories. In 
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order to obtain sufficient transmitted light for accurate transmission 
measurements, they all require entrance and exit slit widths corre¬ 
sponding to a lower order of magnitude of spectral purity (50 to 300 A 
band width) than is usually achieved in photographic spectrophotom¬ 
etry (1 to 5 A band width). Although the use of a wide band elimi¬ 
nates the possibility of observing fine details of absorption or of 
obtaining true measurements of substances having very narrow ab¬ 
sorption bands, the convenience, moderate cost, and ease of operation 



Fig. 14.15. Spectrophotelometer employing a concave replica grating in a 
modified Eagle moimt for photoelectric absorption spectrophotometry in the 
range 3,500 to 10,000 A. Manufactured by Central Scientific C.oinpany, (Jiicago. 


of such instruments make them extremely useful in routine analytical 
work. 

Many point-by-point photoelectric spectrophotometers have been 
designed and used by individual research workers. The German 
investigators (Pohl, Kuhn, Smakula, and others) were pioneers in the 
application of this method of spectrophotometry. A number of 
interesting designs of instruments, each with certain novel features, 
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have been described in recent years.^^"*^*^ The type of spectrophotom¬ 
eter developed by Hogness and his associates,which is capable of 
measuring h with an accuracy of 0.2 per cent of h with slit widths 
limiting the transmission band to 10 A or less, is an example of what 
can be done by careful attention to details when low cost, compact¬ 
ness, and simplicity are not esscmtial. 

14.27. Photoelectric Null Methods: Nonrecording. Photoelec¬ 
tric cells may be employed in null methods of spectrophotometry to 
determine when two beams of radiation or two halves of a photometric 
field are matched, using any of the usual optical methods of varying 
the intensity or intermittent exposure of one or both beams (polarizing 
I)risms, rotating sectors, dia})hragms). Several such arrangements 
have been suggested and used by individual workers.The 
optical null method has the advantage of involving no assumptions as 
to the linearity of photocells, amplifiers, and indicating instruments. 
It has the disadvantage of being limited in its precision of determining 
Ix/'h by the accuracy of the optical device used to balance the two 
beams. 

The Hilger photoelectric spectrophotometer (Fig. 14.10) employs 
two gas-filled photocells connected in opposition to a Lindemann 
electrometer. A collimated beam of light from the monochromator 
is partially reflected into one photocell by a quartz plate placed at an 
angle to the beam. The remainder of the light passes through a 
rotating sector of the cylindrical type (which may be adjusted while 
in motion) to the second photocell. The value of logm (lu h) at a 
particular wavelength is determined from the two sector settings re¬ 
quired to achieve a null reading of the electrometer with, say, a 
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28 E. S. Miller, Plant Physiology, 12, 607 (1987), 

W. C. Bosch and K. I). Coleman, Phys. Rev., 57, 941 (1940). 

I). L. Drabkin, Proc. Seventh Snmnier Conference on Spectroscopy, 19J9. New 
York: John Wiley ik Sons, Inc., 1940. 
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solution cell and a solvent cell in the beam. The monochromator 
employed is of large aperture (approximately / 4 to// 6, depending on 
the wavelength) and of high dispersion (equivalent to a train of four 
60-deg prisms), and has interchangeable optics of quartz, glass, and 
rock salt for work in different spectral regions. Because of the large 
monochromator aperture and the sensitivity of the photocell-elec¬ 
trometer circuit, comparatively narrow spectral band widths may be 
used. The precision of density determinations (limited by the 
accuracy of the sector) is said to be about 0.004 for densities near 0.43- 
By using suitable photocells for different regions, a spectral range of 
12,000 to 1850 A can be covered. 



Fig. 14.16. Optical system of null type of photoelectric photometer developed 
by Adam Hilger, Ltd., London. S, slit: Li and Lj, collimating and focusing 
lenses; Ci and absorption and comparison cells; Q, quartz plate; Pi and P 2 , 
photocells; S, rotating sector; M, motor. 

14.28. Automatic Recording Photoelectric Spectrophotometers. 

The earliest successful automatic recording spectrophotometer is that 
of Hardy,of which a commercial model is manufactured by the 
General Electric Company (Fig. 14.17). It is designed for transmis¬ 
sion or reflectance measurements in the visible region. It employs a 
method developed from that used By Dobson and Prefect,^- in which 
the absorption (or reflection) and comparison beams are allowed to 
illuminate a single photocell alternately in such a manner that a 
fluctuating current is set up in the photocell circuit unless the two 
beams are of equal intensity. Rotating mechanical shutters were 

A. C. Hardy, Jour. Opt. Soc. Am., 25, 305 (1935). 

A. C. Hardy, Joi/r. Opt. Soc. Am., 28, 360 (1938). 

J. L. MichaelHon, Jour. Opt. Soc. Am., 28, 365 (1938). 

^ K. S. Gibson and H. J. Keegan, Jour. Opt. Soc. Am., 28, 372 (1938). 

G, M. B. Dobson and D. S. Prefect, Photoelectric Celia and Their Applications. 
Pages 79, 174, 185. London: The Physical Society, 1930. 
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used to alternate the beams in early instruments employing this prin¬ 
ciple. In order to obtain smoother transition from one beam to the 
other, Hardy’s system makes use of a rotating Rochon prism to 
alternate the beams, these having been polarized perpendicularly to 
each other by prior passage through a fixed Wollaston prism. When 
the beams are unbalanced, the alternating current generated in the 
photocell circuit is applied, through a suitable amplifier, to a control 
circuit that causes a motor to rotate a second Rochon prism in the 
beams until they arc balanced. The direction of rotation of the light¬ 
balancing motor depends on the phase of the alternations of the 
unbalanced beams and is always such as to compensate the unbalance. 
The recording pen is coupled to this balancing mechanism. 

The principle of this optical null method is the same as that of the 
Konig-Martens type of photometer (§ 14.11), except that balancing 
is achieved and recorded automatically instead of manually. A 
double-prism glass monochromator is used. The spectrum band is 
shifted continuously by a motor-driven cam mechanism while the 
wavelength axis of the record chart is correspondingly shifted with 
respect to the recording pen. A curve of absorption or transmission 
throughout the visible range is plotted automatically in from to 
5 min. The slit widths of the commercial instrument normally cor¬ 
respond to a spectral band width of 100 A, but special instruments 
may be obtained for operation at 40 A band width. The precision of 
determination of Ix is considerably better than ±1 per cent of Jo. 

Brode and Jones"^^ have described methods for adapting the Hardy 
spectrophotometer to measurements in the ultraviolet, using a quartz 
prism in a Wadsworth mounting as the dispersing system. They 
have employed both rotating aluminized reflection sectors and 
rotating polarizing prisms for chopping the beams. In the former 
case, adjustment of relative intensities was accomplished by a vane 
photometer; in the latter case, by polarizing prisms. 

The automatic recording spectrophotometer designed by Harrison^^ 
and improved by Harrison and Bentley^'* (Fig- 14.18) will measure, at 
high speed, transmissions or densities throughout the range, 9700 to 
^300 A with spectral band widths of 1 A or less throughout most of 
this range. Thus an effective resolution is attained which compares 

R. Brode and C. H. Jones, Jour. Opt. Soe. Am., 31, 743 (1941). 

^G. R. Harrison, Proc. Sixth Summer Conf. on Spectroscopy, 1938, page 91. New 
York: John Wiley & Sons, Inc., 1939. 

^ G R. Harrison and E. P. Bentley, Jour. Opt. Soc. Am., 30, 290 (1940). 



§14.28] ABSORiniON SPECTROPHOTOMETRY 409 

favorably with that achievable under optimum conditions in photo¬ 
graphic spectrophotometry. The precision of measurement of h, 
about d=l per cent of In, is limited, in all but the extreme ends of the 
spectral range, by the precision of the mechanical and optical com¬ 
ponents of the photometer rather than by the sensitivity of the 
photocell-amplifier system. 

The .S-meter concave grating employed (which is ruled, 1.5,000 lines 
to the inch, on an aluminized glass blank) gives a plate factor of 5.5 A 
per millimeter, almost linear with respect to wavelength. The en- 



Fig. 14.18. Harrison automatic recording photoelectric spectrometer for the 
visible and ultraviolet regions. 


trance and exit slits are adjustable in width from 0 to 2 mm. A 
llO-volt coil-filament incandescent lamp is used from 9700 to SI'OO 
A and a high-pressure mercury arc (G.E. H-6) from 3400 to 2300 A. 
The radiation receiver is an 11-stage photomultiplier tube, connected 
to a "‘memory unit” incorporating a 0.01 mf condenser, through an 
appropriate amplifier. 

In operation, the monochromatic light beam from the exit slit is 
passed alternately through the absorption and comparison cells by 
an oscillating biprism, while a sector rotates in front of the entrance 
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slit in synchronism with the rotation of the drum on which the 
recording chart is wrapped. With the specimen beam incident on 
the photocell, a potential corresponding to the beam intensity is 
develo[)ed across the condenser in the memory circuit. This poten¬ 
tial is stored while the comparison beam is shifted to the photocell and 
the variable-width portion of the sector is rotated before the entrance 
vslit. As the intensity of the comparison beam increases, the potential 
developed in the photocell circuit increases also. When it equals the 
stored potential (that is, when the intensity of the comparison beam 
has been matched to that of the specimen beam), a thyratron trigger¬ 
ing circuit causes a point to be marked on the recording chart at the 
appropriate density or transmission value. A se})arate motor drive 
automatically shifts the wavelength of the transmitted band, and the 
corresponding position of recording on the chart, at a maximum speed 
of 100 A per second. 

The system is inherently low in scattered radiation. To decrease 
further the effects of stray light, filters are interposed automatic ally 
in the incident beam when measurements are being recorded in the 
various wavelength regions. The optical null method used involves 
a time delay, less than 0.05 sec in normal operation, between evalua¬ 
tion of the intensities of the specimen and comparison beams. 

II. Cary'*^’ has developed an automatic recording photoelectric 
spectrophotometer for the visible and ultraviolet regions which is 
manufactured by the Applied Physics Corporation (Fig. 14.19). It 
emfdoys a double-prism raonoclw'omator to obtain high dispersion 
and freedom from scattered radiation. The light beam is chopped 
at 90 cps, and the radiation receiver is a photomultiplier tube. The 
output of the photomultiplier is fed through an electronic amplifier 
to a strip-chart recorder of the type used with infrared spectrophotom¬ 
eters. Except in the extreme ultraviolet, half-intensity band widths 
as small as 1 A may be used with this instrument. 

These examples indicate the trend in instrument design, which is 
toward both automatic recording and improved effective spectral 
resolution. 

14.29. Abbreviated Absorption Spectrophotometry and Fluorime- 
try. In many routine analytical chemical procedures, it is desirable 
to be able to determine the concentration of a single substance in a 
solution by means of such optical properties as color or fluorescence. 


^ Ind. Eng. Chem., 39, 75A (1947). 
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Various photoelectric instruments employing principles of spectro¬ 
photometry in simplified form are available for such measurements. 

In the case of the determination of concentration by application of 
the i)roperty of color, use is made either of the natural color of the 
substance itself or, if the substance is colorless, it is treated with 
appropriate reagents with which it forms a color complex. Trans- 



Fig. 14.19. Cary automatic recording photoelectric spectrophotometer for the 
visible and ultraviolet regions. Manufactured by Ap)plied Physics ( orp., Pasa¬ 
dena, ('alif. 


mission measurements are then made at or near the wavelength of 
maximum absorption, and the concentration is determined by ap¬ 
plication of the Lauibert-Beer law or by use of a calibration curve 
made by determining the transmission values of a series of dilutions of 
a solution of known concentration. 
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Though it is entirely feasible to employ spectrof)hotorneters of the 
types prevuously deseribed for quantitative analyses by this method, 
it is often customary to use simpler devices, variously known as 
photoelectric colorimeters, abbreviated absorption spectropkotonieters, or 
absorptiomcters for this purpose. These employ optical filters 
(§ 14.30) or simple dispersion systems for isolating the spectral band 
with wliich transmission measurements are made. In general, the 
band width employed is large (from 200 to 400 A or even more); 
hence it is preferable to base the determination upon a calibration 
curve rather than to assume that the Lambert-Beer law applies. 



Fig. 14.20. Typical photoelectric absorptiometer (colorimeter) of the filter type. 

Manufactured by E. Leitz, Inc., New York. 

Many designs of absorptiomcters are available (Fig. 14.20). Fur¬ 
ther information regarding the technique of photoelectric absorp¬ 
tiometry will be found in General Reference 14.3. 

The concentration of a substance that fluoresces in solution when 
excited by ultraviolet radiation may be determined by photoelectric 
measurement of the intensity of the fluorescent light."*^ In com¬ 
paratively dilute solutions, the concentration is approximately pro- 


See J. R. Loofbourow and R. S. Harris, Cereal Chem., 19, 151 (1942) for a discus¬ 
sion of typical commercial fluorimeters. 
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portional to the intensity of fluorescence for constant intensity of 
exciting radiation: 

c = Alf (14.13) 

wlicre c is the concentration, in suitable units, .1 is a constant, and 
If is tlie intensity of fluores(‘ence. If relative values of 7/ are meas¬ 
ured with, for example, a barrier-layer photocell and galvanometer, 
and if the i)hotocell galvanometer response is proportional to//, then 
[provided Eq. (14.13) is valid]: 

c = (« - Kfc) ? (14.U) 

fi — r2 

wliere c is the concentration in an unknown sample, 7? and 7?^ are, 
respectively, the galvanometer readings with the sample and solvent 
alone in the cell, and Vi and ro are calibration readings of the gal¬ 
vanometer corresponding to known concentrations Ci and C 2 . In 
order for Eqs. (14.13) and (14.14) to be approximately valid, it is 
necessary that the solution concentration be such that only about 
10 per cent of the exciting radiation is absorbed in the solution. 

Excitation of fluorescence in fluorimeters is usually produced by 
radiation in a spectral band including the 3650 A mercury line. 
High-pressure mercury arcs of the type described in Chapter 8 are 
convenient sources of such radiation, and glass optics transmit it 
freely. Quartz-mercury arcs and quartz optics arc used in certain 
instruments to extend the range of the exciting radiation below 
3400 A. It is necessary to eliminate visible light as effectively as 
possible from the exciting radiation, since the fluorescence to be 
measured is primarily in the visible range. This reduction is accom¬ 
plished by suitable primary filters (§ 14.30). In general, the more 
effective the primary filter is in eliminating visible radiation, the less 
effective it is in transmitting exciting radiation. 

It is also necessary to eliminate response of the photocell to the 
exciting radiation insofar as practicable, by the use of secondary 
filters (§ 14.30) and usually by placing the photocell at right angles to 
the exciting beam. Secondary filters for absorbing stray exciting 
radiation may convert an appreciable fraction of the absorbed radia¬ 
tion into fluorescent light in the visible range. It is tlierefore usual 
to follow the ultraviolet-absorbing filter by one or more additional 
filters to absorb the fluorescence excited in the first filter. Even with 
the best of primary and secondary filter combinations, stray visible 
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and ultraviolet light usually falls on the photocells in sufficient quan¬ 
tities to cause iip})recial)le readings with a “blank’' ((*ell containing 
solv^ent only) in the beam. Hence a correction must be made for the 
reading with the blank [Ri in Eq. (14.14)]. 

14.30. Optical Filters. As indicated in § 14.^9, optical filters are 
freciuently used in absor[)tiometers and fliiorimeters for isolating de¬ 
sired spectral regions. They are also used (*xtensively to obtain 
ap{)roxiniately monochromatic radiation for photochemical or ])hoto- 
biological investigations, and to reduce the elfects of stray radiation or 
undesired spectral orders in dispersing systems. 

The three principal ty[)es of optical filters depend for their opera¬ 
tion, respectively, on selective absorption, interference, and selective 
scattering. Of these, selectively absorbing filters are most widely 
used. 

Selectively absorbing filters may be solids, liquids, or gases, the 
first being the most convenient to use. Many ty]>es of colored glasses, 



200 240 280 320 360 400 440 480 520 560 600 640 

Wavelength, Millimicrons 

Fig. 14.21. Transmission curves of typical glass filters. Manufactured by the 
( orning (ilass Company, Corning, N. Y. 

having different selective-absorption characteristics, are available for 
use as optical filters in the visible region, and to a somewhat lesser 
extent such filters are also applicable to the isolation of spectral 
regions in the ultraviolet and near infrared. Transmission curves of 
a few typical glass filters are illustrated in Fig. Glass filters 

manufactured by the Jena Optical Works, Corning Glass (Company, 
Eastman Kodak Company, and others are available in wide variety 
and detailed data on their transmission characteristics will be found 
in the catalogues of their respective manufacturers. Solid filters may 
also be made by imbibing absorbing materials in gelatin or adsorbing 
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tliem on cellophane. These are often mounted between protecting 
(covers of glass. Such filters are obtainable from distributors of 
jihotographic and stage-lighting equipment. 

Liquid filters (including solutions) provide a greater variety of 
transmission characteristics than do selectively absorbing glasses. 
They must, of course, bo used in suitable cells with windows trans¬ 
parent to the radiation to be transmitted. Gaseous filters are occa¬ 
sionally employed to isolate sjiectral bands in the ultraviolet but are 


Transparent 

dielectric 



Reflecting 
metallic films 



^ ’ Wavelength,Millimicrons 

(b) 

Fig. 14.22. Interference filters, (a) Method of construction, (b) Typical 

tran.smi.ssion curves. 

seldom used in the visible region. Again, they require the use of 
suitable filter cells. Transmission data for liquids, solutions, and 
gases suitable for use as filters will be found in com[)ilations of absorp¬ 
tion spectra, including General References 14.7 and 14.8. 

Interference filters def)end on the same ]>rinciple as the Fabry 
and Perot etalon, des(Tibed in Chapter *20. They consist of two 
partially reflecting evaporated metal films, separated by a transparent 
spacer of eva})orated dielectric, together with glass protecting covers 
(Fig. 14.22a). For a given optical path length through the dielectric, 
the interference arising from multiple reflections between the metallic 
films is such as to result in rna.ximum transmission (about 25 to 
35 j)er cent) at particular wavelengths, on each side of which the 
transmission falls rapidly to nearly zero (Fig. 14.22b). Interference 
filters are available commercially for maximum transmission at any 
wavelengths within the range 3700 to 7000 A. Those with trans¬ 
mission maxima near the ends of this range have two transmission 
bands within this region, the unwanted one of which is removed by 
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the use of auxiliary glass filters. Interferenc*e filters must be used 
with a collimated beam of radiation. 44ie wavelength i)ositiou of the 
transmission band may be shifted over a considerable range by 
varying the angle of incidence of the collimated beam on the filter. 

Christiansen filters, based on selective scattering, have long l)een 
used for isolating com])aratively narrow si)ectral regions in the infra¬ 
red, visible, and near ultraviolet (see General Reference 9.1), and their 
us(‘ has been extended recently to the ultraviolet regif)n from 
to ^2000 In the Christiansen filter, small irregular chips of a solid 



Fig. 14.23. Transmission curve of a Christiansen filter^*’ for the ultraviolet, 
consisting of quartz chips suspended in a mixture of decahydronapthalene and 
cyclohexane. 

are suspended in a medium of different dispersion but witli a refractive 
index the same as that of the chips at the wavelength for which 
maximum transmission is desired. This combination results in 
minimum scattering, and hence maximum transmission, at the 
s[)ecified wavelength. The transmission decreases rapidly iii>on 
departure from the optimum wavelength as a result of the increasing 
difference in the refractive indices of the two media and increased 
scattering of radiation. Christiansen filters must be used in a col¬ 
limated light beam, and the position of their transmission maximum 
is sensitive to temperature, especially if the suspending medium is a 
liquid. A typical transmission curve of such a filter for the ultra¬ 
violet region is shown in Fig. 14.23. 

R. L. Sinsheimer and J. R. lioofbourow, Nature, 160, 674 (1947). 
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ABSORPTION OF SUBSTANCES IN SOLUTION 

14.31. General Remarks Regarding Solvents. The properties 
that must l)e considered in choosing a solvent are the solubility in it 
of the material to be investigated, its transmissivity for radiation in 
th<' region to be explored, and its volatility. 

It is desirable tliat the material to be investigated be soluble easily 
in tli(‘ solvent up to the highest (!oncentration r(‘f|uired for s])e(‘tra. 
OtluTwise, errors may arise from the failure of samples to go entirely 
into solution. If the maximum extinction coefficient of the sub- 
stanc*e is known, the reejuired concentration for a given density at 
tlu‘ maximum may be com[)uted from th(i Lambert-Beer law fEq. 
(14.(>)1. Often this c'oncentration is exceedingly small; hence it 
sonu't iines happens that substances listed in the usual handbooks as 
insoluble in particular solvents may be dissolved in them in suffi¬ 
cient concentrations for absorption spectroj)hotoinetry. 

The solvents most commonly employed in absorption spectro¬ 
photometry are distilled water, methyl alcohol, ethyl alcohol, chloro¬ 
form, hexane, cyclohexane, (‘arbon tetrachloride, and ethyl ether. 
Unless specially })urified, many of these solvents contain sufficient 
coiKjentrations of such impurities as ketones, aldehydes, and benzene 
to cause a[)pre(aable absorption in the ultraviolet. The extent to 
which they must be purified for practical use depends on the spectral 
region of interest. In general, the greatest care in solvent purifi(‘ation 
is recpiired for work in the region below 2400 A, where various factors 
})reviously discussed combine to make measurciiKMits difficult. 

Highly volatile solvents, such as ethyl ether, introduce possibilities 
of error as a result of concentration changes brought about by 
evaporation. Therefore such solvents should be used only if other 
solvents will not serve, and then only with special precautions against 
evaporation. 

14.32. Absorption by Solvents; Purification. As indicated in 
Table 14.4, many commercial solvents of the best grades are satis¬ 
factory for measurements to 2450 A. For work at shorter wave¬ 
lengths than those listed as the useful limit, only especially purified 
solvents should be used. Some of the solvents listed in the table and 
purified for chemical work show absorption obviously attributable to 
traces of impurities. This fact is indicative of the different require¬ 
ments as to purity for laboratory reagents and for solvents for absorp¬ 
tion spectroscopy. Merely because a reagent is ideal for chemical 
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purposes does not necessarily mean, therefore, that the particular 
impurities which are most troublesome in spectroscopy have been 
removed to the extent that might be desired. 

TABLE 14.4 

Approximate Wavelength Limit of Uskfulness of Various 
C oMMERIHAL SOLVENTS IN 2-CM CeLLS* 

Shorfrs'i ust'ful 


Sol rrn t iva vrlr n gih 

Distilled water (from laboratory supply), . . 2000 A 

Ethyl ether. 2^2o() 

Hexane, practical, ICastrnan Kodak ('o. 2250 

Methyl alcohol. 2000 

Ethyl alcohol, 05^ ^. 2050 

Ethyl alcohol, absolute, L.S.I*. 2,050 

Hexane, synthetic. Eastman Kodak (’o., . . 2450 

Chloroform. 2450 

Cyclohexane, pure, Eastman Kodak ('o. . . . 2050 

Carbon tetracliloride .... 2700 

Cyclohexane, practical, Kastman Kodak Co. . . 2750 


Laboratory-distilled water redistilled twice in all-glass stills is 
usually sufficiently free from absorbing substan(‘es for work to 1850 A. 
The usual methods for preparing conductivity water may be em¬ 
ployed if the greatest purity is desired. 

Ethyl alcohol (95 per cent) may be ptirified by adding 25 cc of 
12 N sulfuric acid per liter, refluxing for several hours, and distilling.^® 
The distillate is then treated with 40 grams of potassium hydroxide 
and 10 grams of silver nitrate per liter, refluxed, and distilled. This 
method yields a solvent sufficiently good for work to 4000 A. If this 
product is dried over aluminum amalgam, the transmission at shorter 
wavelengths is somewhat improved. 

Ethyl ether distilled once from alkali has sufficiently good trans¬ 
mission characteristics for most work in which this solvent is required. 

An outline of useful methods for purifying cyclohexane, hexane, 
carbon tetrachloride, chloroform, ethyl alcohol, and methyl alcohol 
is given in General Reference 14.2. 

* Tfiese data, which are ba.sed on experience of the authors and on the assumption 
that the solvent should transmit at least 50 per cent of the radiation at useful wave¬ 
lengths, agree approximately with those in General Reference 14.1, in which data on a 
number of additional commercial .solvents will be found. 

P. A. Leighton, R. W. Cary, and L. T. Schipp, Jour. Am. Chem. Soc., 53, 3017 
(1931). 
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14.33. Relation of Absorption to Chemical Constitution. As was 

pointed out in Chapter 11, the (‘le(‘tronie s])ectra of solids, liquids, and 
suhstanees in solution as ordinarily deserved by absorption spectro¬ 
photometry in tlie 10,000 to *^2000 A region do not show the fine 
striulurc observed in the absorption spectra of substances in the 
gaseous state. Rotational transition lines are not resolved at all, 
and the vibrational band structure can only be identified clearly in 
special instances. The lac^k of detail in the spectroscopic! data^ 
together with the complexity of the substances usually studied by 
absorption spec-trophotometry, has, in general, made it imprac¬ 
ticable to work out relationships of structure to absorption in a 
manner analogous to analyses of the absoqition sjiectra of simple 
molecules in the gaseous state. Some progress in this direction has 
been made, however,^^ and advances may be expec^ted to be more 
rapid as techniques of measurement and analysis improve. 

From the empirical point of view, a number of generalizations 
regarding absorbing groups (designated as “chromo})hores'’; see 
§ 11.3) and their relation to absorption have been worked out, espe¬ 
cially insofar as dyestuffs «are concerned (General Reference 14.5). 
Certain of these generalizations that arc' particularly usc^ful to the 
practical worker in applying absorption si)ec*trophotometry to 
problems of organic chemistry are summarized below: 

1. To a close approximation, electronic absorption spectra asso¬ 
ciated with unsaturated linkages occur in the region X > 2000 A, 
whereas those associated with saturated linkages occur in the rc'gion 
X < 2000 A. 


For a suiTinuiry to about 1940, see G. K. K. Branch and M. Calvin, The Theory of 
Organic Chemistry, Chapter V. New \ ork: JYcntice-llall, Inc., 1941. 

R. Nietzki, Verhancll. des Verein,'! znni Heforderung des Gemeibejleisses, 58, 231 
(1879). 

J. B. Cohen, Organic Chemistry for Advanced Students. Part II, Chapter II. New 
York: Longmans (Jreeu & Co., Inc., 19.39. 

•'*’^'1'. Forster, Zeitschr. f. Elect roe hemic, 45, .548 (1939). 

Niimiya, Chevi. Rev, Japan, 3, 2240 (19.37). 

B. Beilen.son, N. I. Fisher, and F. M. Hamer, Proc. Roy. Soc. (London), A163, 
1,38 (1937). 

“ Pruckner and A. Stern, Zeitschr. f. phys. Chemie, A180, ^Z5 (1937). 

G. N. Lewis and M. Calvin, Cheni. Rev., 25, 27.3 (1939). 

G. Scheibe and W. Frdmel, HaruP vnd Jahrhuch der cheni. Physik, 1936, Vol. 9, 
page 142. 
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2. The principal groupings contributing to absorption are the 
following >C=C<, >C=0, >C=S, >C=N— —N-=N— 

—N-O, > =N— > C=C=0, and (‘onjugated 

chains or rings made up of >C=C<. >C—N—, or —N=N— 
groups (compare Table 11.3). 

3. The absorption maximum associated with a particular group is, 
in general, shifted toward longer wavelengths (lower frecjuencies) 
when a substituent is linked to the group; this effect is increased 
with increasing atomic weight of the substituents.'^’ 

4. Separation of imsaturated groups by two or more single-bond 
linkages usually reduces the influence of such groups on each otlier 
to such an extent that the total absorption may Ix' considered as the 
sum of the absorption bands attributable to each of the structures so 
isolated.^^’ 

5. The mutual influence of unsaturated groups on absorption is 
considerable in structures involving conjugated double bonds. 
Marked absor[)tion is found in structures with several conjugated 
double bonds in which there are many possibilities for resonance 
(as in benzene, for example). In general, increase in the number 
of conjugated double bonds results in an increase in absorption and 
a shifting of the absorption bands toward longer wavelengths (lower 
frequencies).®^-^ 

6. The influence of substituents, especially those of higher atomic 
weight on an absorbing group or a conjugated double bond structure, 
is usually to increase the absorption.^^* 

7. Changes in the substituents of, or linkages to, absorbing groups 
as a result of salt formation,®^"®^ association,®®* ®^ and so on, may cause 


V. Henri, Etudes de Pfiotochernw, Paris, 1919. 

W. AumUlIer, II. Fromherz, and C. 0. Strother, Zeitschr. f. phjs, Chemie, 1537, 
30 (1937). 

L. B. Arnold, Jr. and G. B. Kistiakowsky, Jour. Am. Cheni. .SV., 54, 1713 (193^2). 
K. W. Hausser, R. Kuhn, A. Sraakula, and K. H. Krenchen, Zeitschr. f. phi/s. 
Chemie, B2Q, 371 (1935). 

®^K. W. Hausser, R. Kuhn, and G. Seitz, Zeitschr. f. phijs. Chemie, B29, 391 (1935). 
^ R. Kuhn and A. Deutsche, Ber. 65, 43 (193'2). 

® R. Kuhn and M. TIoffer, Ber. 65, 651 (193i^). 

K. V. Auwers and R. HUgel, Zeitschr. f. phys. Chemie, A178, 315 (1937). 

R. K. Callow, Biochem. Jour,, 30, 906 (1936). 

♦ «8E. C. C. Baly and E. K. Eubank, Jour. Chem. Soc. (London), 87, 1347 (1905). 

H. Ley, Zeitschr. f. phys. Chemie, 94, 405 (1920). 
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changes in absorption. Salt formation may arise as a result of the 
presence of acids or bases in solution, as for example when these arc 
used to adjust pll. Association may be influenced by the nature 
of the solvent and the (concentration of the solution. 

8. Changes in the kinds or ]jositions of unsaturated groups in 
mole(‘ules as a result of molecular rearrangements may cause marked 
changes in absorption.’^^-^*^ When such effects arise from changes in 
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Fig. 14.24. Effect of pH of the solution on the absorption spectrum of barbituric 

acid.^‘’ 



the pH of the solution, they are easily brought about and are useful 
in the identification of substances (Fig. 14.24). The colorimetric 
determination of pH is based on this phenomenon. 

14.34. Photochemical Effects; Fluorescence. The radiation used 
to determine the absorption of substances may give rise to photo- 


W. L. Ixjwschin, Acta Physicochimwa U.R.S.S., 1, 685 (1935). 

G. Scheibe, Kolloid Zeitschr., 82, 1 (1938). 

^ W. Stenstrom and M. Reinhard, J. Phys'. Chew., 29, 1477 (1925). 

C. S. Hicks, Jonr, Chem. Soc. (Ix)ndon), 128, 643 (1926). 

E. K. Holiday, Hiochem. Jour., 24, 619 (1930). 

F. Hcyroth and J. R. Loofbourow, Jo^ir, Am. Chcm. Soc., 53, 3441 (1931); 
56, 1728 (1934). 

J. R. Looffjourow and M. M. Stimson, Jour. Chem. Soc. (London), 844 (1940); 
1275 (1940). 
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chemi(.*al effects that have a marked influence on the absori)tion. If 
such changes take place to an a])precial)le extent while the absorption 
spectrum is being determined, they may lead to errors in the deter¬ 
minations. There is more likelihood of errors arising from this source 
in ultraviolet spectrophotometry than in visible spectroyfliotometry; 
even though some substances, such as riboflavin, are j)hotochem- 
ically labile in the visil)le region, instances are quite rare in 
which photochemical changes sufficient to influence the validity of 
measurements are encountered in absorption spectrophotometry in 
this region. 

Those methods of absorption spectrophotometry which involve the 
least total irradiation of the specimen with photochemically active 
radiation are freest from the possibility of error as a result of j)hoto- 
chemical change. At first sight, it appears tliat photoelectric 
methods, in which the specimen cell follows the exit slit of a mono¬ 
chromator, are superior in this regard to photographic* methods, in 
which the cell is placed before the entrance slit of a spectrograph. 
This suf)eriority is not necessarily actual, however, if a point-by-point 
method is used, involving many determinations not carried out at 
high speed. 

In most instances the amount of radiant energy required to cause 
appreciable change in absorption is considerably greater than that to 
which the specimen is exposed during measurements with any of the 
usual spectrophotometric methods. Whether errors caused by 
photochemical effects are being encountered may be c'liecked by 
suc(;essive absorption determinations on the same specimen. 

Many substances that absorb in the ultraviolet exhibit appreciable 
fluorescence when exposed to such radiation. When the absorption 
spectra of such substances are determined by photographic methods, 
some of the fluorescent radiation enters the slit of the spectrograph 
and causes blackening of the photographic plate in the spectral 
regions to which the fluorescence corresponds. As a result, absorp¬ 
tion s[)ectra determined photographically sometimes show what 
appears to be negative absorption at wavelengths longer than that of 
the absorbing region. Since the fluorescent light is radiated in all 
directions, this effect is unlikely to be noticed unless the specimen cell 
is placed close to the slit. 

Data regarding the absorption of particular substances are given 
in the General References. 
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CHAPTER 15 


Qualitative Spectrographic Analysis of Materials 


To DETERMINE WHICH METALLIC ELEMENTS ARE PRESENT in a 
given sample of material, analysis by the emission spectrum gives 
a method that is usually more direct, more rapid, more specific, more 
complete, and probably easier to use than any other yet developed. 
It does not require the analyst to guess in advance which elements 
are likely to be present, to select methods of [irocedure that may or 
may not turn out to be justified, or to se})arate the constituent mate¬ 
rials into chemical groups. All elements that are readily detectable 
spectrographically can be found in a single operation. 

Qualitative spectroscopic analysis as discussed in the present chap¬ 
ter refers to analysis by means of the emission spe(*trum. Absorption 
spectrophotometry (Chapter 14) can be used as a nadhod of analysis 
for certain molecules, atoms, and ions, but it is somewhat less specific, 
though often more sensitive, than the emission method. Both meth¬ 
ods should be considered before any given problem of analysis is 
undertaken. Emission analysis for qualitative purposes is one of the 
most widely used fields of sj)ectroscopy, yet its development has been 
neglected somewhat in recent years. This neglect is due partly to 
the great amount of attention that has been given to quantitative 
analysis, a more diflScult field, but it also arises from the fac?t that 
qualitative emission analysis is relatively so satisfactory that little 
attention has been given to improving it. 

Qualitative analysis with the spectrograph is a relatively simple 
process. A small sample of the material to be analyzed is placed in 
an electric arc, spark, or other suitable source of excitation in such a 
way that the molecules of the sample will be dissociated into their 
constituent atoms, which are then stimulated to emit light. This 
light is sent through the spectrograph, which separates the various 
wavelengths and records these individually as spectrum lines on a 
photographic plate. Each chemical element emits a well-known 
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^roiip of lines whose wavelengths are reeorded in printed tables of 
the types listed in Tables 9.7 and 15.^ and given in Appendices I and 
11. Lines in the spectrum can })e i)ositively identified, when their 
positions have becm determined, as having come from a spec*ific 
element. Numerous lines are emitted by each kind of atom, but at 
most two lines are neefled to give positive identification. 

S})ectr()graphi(‘ analysis gives a permanent record so that results 
are n^adily available for future reference. This feature also makes it 
possible for unskilled personnel to carry out routine parts of an 
analysis and to prepare spectrograms from which an expert spec- 
trographer can later make an accurate analysis. The method is 
especially valuable in cases in which the operator does not know what 
elements to look for. It is also much more specific than most chem¬ 
ical wet methods, for so definite are the wavelengths emitted by the 
atoms that misidentification of elements is almost impossible. 

The spectrograph (.'an be used for qualitative analysis of substances 
difficult to handle by wet methods, such as glasses and slags. It can 
also be used to detect in alloys minute impurities that are sufficient 
in amount to aifect crystal structure but are in coTU*entrations too low 
to be found by wet methods. It can be used to differentiate between 
two chemically similar substances. For instance, neodymium and 
{jraesodymium are so much alike as to defy chemical separation, but 
they resemble each other as little spectroscopically as silver resembles 
calcium. The spectrographic method can be used to resolve doubts 
remaining from wet analyses, as in the case where the brown colora¬ 
tion of a solution produced by hydrogen sulfide may be open tc 
various interpretations. It can also be used effectively to follow the 
course of a chemical reaction or .separation. 

'J'he spectrographic method is especially suited for use with samples 
of which only small amounts are available. In some cases 0.1 mg of 
sample is sufficient for a complete qualitative analysis, although 
10 mg is desirable if available. The sensitivity of the method varies 
from element to element as discussed below, but amounts of certain 
elements as small as 10""® gram can be detected, in concentrations of 
less than 1 part in 100 million. 

The spectrographic method cannot be used satisfactorily to deter¬ 
mine negative elements or ions such as Cl"" and SO7 that may be 
present in a sample, since these are not stimulated to emit light in 
ordinary sources unless the radicals contain metallic atoms. Since 
most molecules are broken down in the source, chemical combinations 



426 QUALITATIVE ANALYSIS OF MATERIALS [§15.1 

cannot usually be determined by emission analysis. Spectrographic 
analysis of nonrnetallic elcnnents such as gases require special tech¬ 
niques which are discussed in § 15.7. 

The visual spectroscope can be used for certain types of qualitative 
analysis in the manner originated by Kirchhoff and Bunsen,^ but it 
serves merely as a simjile approximation of the general spectroscopic* 
method and is applicable only in special cases. 

15.1. Sensitivity of Detection of Various Elements. It is com¬ 
monly stated that only some 70 of the known chemical elements can 
be detected spectrographically. Actually, any type of atom can be 
detected and identified through the radiation it emits under proper 
excitation, and therefore any atom can be dete(‘ted spectrographically 
with proper techniques. In general, however, s]>ectrographic meth¬ 
ods for nonmetals, particuarly for the halogens and gases, are as yet 
more complicated and difficult than are the equivalent chemi(*al wet 
methods. Therefore spectrographic analysis is ordinarily restricted 
to the metallic elements and some of the metalloids. The 20 elements 
commonly not considered susceptible to such analysis are the perma¬ 
nent gases, the halogens, sulfur and selenium, and a few of the rare 
heavy metals. 

If we examine m detail the list of “nons])ectroscopic” elements, it is 
easy to see why these are difficult to detect: their atoms either arc 
relatively difficult to excite to emit radiation, especially radiation in a 
readily accessible spectral region; or they emit so many spectrum 
lines that none are especially intense. These difficulties can some¬ 
times be overcome by methods discussed in § 15.7. 

Neutral atoms have ionization potentials lying between the 3.1 volts 
of cesium and the 25.4 volts of helium, as discussed in Chapter 10. 
The metals almost all have ionization and excitation potentials lying 
between 5 and 10 volts, whereas those of the gases and halogens lie 
above this value (see Table 10,1, Column 1). 

It is desirable to distinguish between the concentrational sensitivity 
and the absolute sensitivity of detection by spectrum lines. Fig¬ 
ure 15.1 shows the intensities of two spectrum lines plotted as func¬ 
tions of the percentage concentration of the element producing them 
in a sample, or matrix, which is otherwise kept uniform. It will be 
noted that over the range plotted these lines have difl:*erent slopes and 
therefore produce different concentrational sensitivities. Also, the 

1 G. R. KirchhoflF and R. Bunsen, Ann, d. Phydk, 110, 160, (1860); Phil, Mag., 20, 
89 (1860); ibid., 22, 35^9 (1861); Ann. Chim. Physique, 62, 452 (1861). 
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curves intercept the axis of minimum detectal)le intensity at different 
points, so that they produce different absolute sensitivities. In 
making quantitative analyses, con(;entrational sensitivity is of great 
irnportancje, whereas in qualitative analyses, where detection of tlu' 
minimum possible concentration is desired, tlie absolute sensitivity is 
of ini[)ortance. 

The absolute sensitivity of analysis for an element depends on 
which spectrum line is selected for its detection. In the following 
discussion, it is assumed that the most sensitive lines of each element 
are used. 


Intensity 

of 

Spectral 

Lines 


% Concentration _^ 

Fig. 15.1. Line intensity curves as a function of percentage composition, 
showing the distinction between concentrational sensitivity and absolute sensi¬ 
tivity of detection. 

Table 15.1 gives a list of the present approximate limiting concen¬ 
trations that have been reached for the various elements. Boron, for 
example, has been determined spectrograp)hically to below 1 part in 
lO"^, whereas sulfur has been detected only to one part in 10^. These 
fa(dors are, of course, only very approximate and can be expected to 
change as further progress is made in developing special methods for 
improving the sensitivity of analysis for any given element. Absolute 
sensitivity can be increased by various methods discussed in § 15.3, 
which have been tried with some elements and not others. Chemical 
pre(‘oncentration methods can be used also, reducing the limiting 
coiu^entration factor by as much as W m some cases. In theory, 
there should be no limit to absolute sensitivity, since a single atom, 
if kept in the source for a sufficiently long time, could be excited over 




TABLE 15.1 


Approximate Sensitivity Limits of Direct Spectrographic Detection 

OF the tlLEMENTS* 


Element 

Least detected 
ppm by weight 

Element 

I^ast detected 
ppm by weight 

Ag 

0.5 


1 

A1 

1 

Mn 

10 

As 

100 

Mo 

10 

Au 

10 





Na 

0.1 

B 

0.1 

M) 

80 

Ba 

1 

Nd 

90 

Be 


Ni 

5 

Bi 

10 





Os 

100 

C 




Ca 

0.5 

P 

10 

Cb 

80 

Pb 

0.2 

Cd 

0.2 

Pd 

10 

C"e 

90 

Pr 

90 

Cl 

10 

Pt 

50 

Co 

40 



Cr 

0.2 

Ra 


Cs 

5 

Rb 

70 

Cu 

0.5 

Rh 

10 



Ru 

10 

Dy 

90 





S 

10 

Er 

10 

Sb 

20 

Eu 

10 

Sc 

1 



Se 

1 

F 

1 

Si 

80 

Fe 

0.1 

Sin 

300 



Sn 

2 

Ga 

4 

Sr 

0.5 

Gd 

90 



Ge 

7 

Ta 

50 



Tb 

90 

Hg 

50 

Te 

500 

IIo 

90 

Ti 

50 



T1 

10 

In 

5 



Ir 

100 

V 

0.3 

K 

0.1 

w 

10 

La 

10 

Y 

4 

Li 

0.5 

Yb 

3 



Zn 

2 



Zr 

20 


* Many elements listed as having been detected to lower limits than others are less 
readily detectable but have been more intensively studied, 
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and over again to emit light until enough was ac(*umulated to give a 
detectable spectrum line. In practice, however, most of the atoms 
wander from the excitation stream before they are excited even once. 
The limit on absolute sensitivity is set by the background intensity, 
which overwhelms the weak light produced by the small number of 
atoms which are excited. Any method that will reduce the relative 
background intensity can be ex[)ected to in<Tease absolute sensitivity. 

The minimum amount of material that can be detected spectro- 
graphically is known for very few elements. For materials not diffi¬ 
cult to detect, it appears to lie between 10“^ and 10““'*^ gram. Greatly 
increased absolute sensitivity of detection usually results whenever 
sources of excitation are improved s]>ecifically with this sensitivity 
in mind. The main objective is to prevent the atoms of interest from 
wandering from the excitation stream or from combining into mole- 
c-ules that do not readily dissociate, and to keep other atoms and 
molecules from emitting radiation. 

The statement is sometimes made that gram of lead is the 
least that can be detected spectrographi(*ally. This figure corre¬ 
sponds to 10^^ lead atoms. An average spectrograph will project 
onto the plate only about 1 quantum of radiation of a given wave¬ 
length out of every 1 (),()()() such quanta emitted by the source. Simple 
<‘alculations based on these facts show that only 1 atom out of each 
£00 put into the source emits even one quantum of the line 4580 A 
commonly used for lead detection before it is lost from the stream of 
excitation. 

15.2. Sensitive Lines and Ultimate Lines. Since some spectrum 
lines are stronger than others because of a high probability of occur¬ 
rence of the appropriate transition in the atom, and since some are 
more easily excited than otliers, it is not surprising that certain lines 
should be found more sensitive for detecting small quantities of 
material than others. Usually, though not always, the strongest lines 
of a spectrum are the most sensitive. De Gramont,^ Hartley,’^ and 
others have made careful empirical studies to determine the sensitive 
lines of each element. In particular, de Gramont has published 
tables of so-called raies ulthnes, or vltimate line}< (General Reference 
15.5) . The raie uliime is the last line of an element to disappear as the 


2 A. de Gramont, Compt, Rend., 144, 1101 (1907); ibid., 145, 1170 (1907); Rev. Met., 
19, 90 (1922). 

2 W. N. Hartley, Jotir. Chem. Soc. {London), 41, 90 (1882); PhU. Trans., 175, 50 
(1884). 
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Fig. 15.2, Chart given by Hasler and Kemp,^ showing the wavelength distribution of the most sensitive arc 

and spark lines of the elements. 














§15.2] QUAIJTATIVE ANALYSIS OF MATCRIALS 431 

quantity of the element burned in a sample is decreased to the vanish- 
iiif^ i)oint. I)e Gramont’s tables are to some extent out of date, since 
the ultimate line of an element depends strongly on the si)ectroscopic 
techniques used. Several lines may tend to disapf>ear together as 
the limit of sensitivity is reached. These usually are lines belonging 
to the same multiplet, which differ only slightly in natural intensity 
(that is, by not more than a factor of 2 or 3). To be sure of the 
presence of a specific ehmient in a given sample, it is in any case 
desirable to identify at least two lines originating from it, so several 
lines are ordinarily listed as “ultimate.'’ 

Tables of sensitiv<i lines are very useful, since if the most sensitive 
lin(\s of an element do not ap])ear in a s[)ectriiin being studied for 
(|ualitativc analysis, the element (an be markc^d absent. This 
abs(m(‘e should be understood as being qualitative, however, and 
iiKTcly means that within the limits of possil)le detection the element 
was not found. Appendices 1 and ^ contain lists of sensitive lines 
of the (‘lements. Figure 15.‘'2 shows a chart, due to Hasler and 
Kemp,^ of the distributioti of sensitive lini^s ac(‘ording to wavelength. 
(’()mf)rehensive tables of spectral wavelengths are listed in Table 9.7, 
and abbreviat'd tables useful for routine spec.irochemical analysis are 
list'd in Table 15.2. 


TABLE 1.5.2 

AuiJiiEviATED Tables for Spectrociiemical Analysis* 

1. H. Kays(*r, “Eiiiission Spectra of Elementary Substances,’' Inter¬ 
national (^ritical Tables, Yol. V (N<‘w York: McGraw-Hill, 1929), page 276. 
Contains about 12,000 lines in the range 350 to 31,000 A, in arc and spark, 
for 86 elements, with precision of from 1 to 0.001 A, and intensity range 
1 to 10. Contains also table of air lines. 

2. H. Kays(T and R. Ritschl, Tahelle der llanptlimen der Linienspektren 
oiler Ele me rites 2d ed. (Berlin: Springer, 1939). Contains about 27,000 lines 
in the range 90,850 to 33 A, in arc, spark, and discharge, for 88 elements, 
given to 0.1 and 0.01 A, with intensity range 0 to 1000. 

3. Handbook of ChemiMry and Physics, Cleveland: Chemical Rubber 
FublLshing Co. 

4. W. R. Brode, Chemical t^pectroscopy (New York: Wiley, 1939). Con¬ 
tains a number of tables: (1) persistent lines by wavelength, listing 400 lines 
in the range 7950 to 1850 A, given to 0.1 A; (2) persistent lines by elements, 
with 400 lines in the range 9000 to 1600 A, given to 0.1 A for 71 elements; 
(3) principal lines by wavelength, containing about 4300 lines for the more 

< M. F. Hasler and J. W. Kemp, Jour. Opt. Soc. Aw., 34, 21 (1944). 

* Reprinted by permission from (L R. Harrison, Jour. App. Phys.^ 10, 76 (1936). 
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TABLE 15.2 (Continued) 

common elements, with the leases and some other nonmetals omitted, in 
wavelength range 8000 to 2000 A, given to 0.5 A, with intensity range 2 to 10; 

(4) principal lines by elements, containing about 6000 lines in the range 8000 
to 2000 A, in arc and spark, given to 0.5 A, with intensity range 1 to 10; 

(5) spark spectrum of air, containing 300 lines in the range 7052 to 2288, 
given to 0.1 A, with intensity range 1 to 10; (6) principal lines by elements, 
discharge spectrum, containing about 300 lines in the range 8000 to 2500 A, 
given to 0.1 A, with intensity range 1 to 10. 

5. D, M. Smith, Vinml Lines Jar Spectrum Analysis (London: Ililger, 
1928). 

6. A. Gatterer and J. Junkes, Atlas der Restlinien (Castel (landolfo, Italy: 
Specola Vaticana, 1937). Contains about 2400 lines in the range 8100 to 
2200 A, in arc and spark, for 30 elements, given to 0.01 A; also some band 
spectra. 

7. W. Gerlach and E. Riedl, Die chcmische Emissions-Spehiralanalyse. 
Pari III (Leipzig: Voss, 1936). Contains about 3000 lines in the range 5900 
to 2140 A, in arc and spark, for 57 elements, given to 0.1 A. Gives control 
lines and possible interfering lines. 

8. J. A. Ilannum, “Wavelength of the Principal Lines in the Emission 
Spectra of the Elements," Handbook oj Chemistry, N. x\. Lange, ed. (Sandusky, 
Ohio: Handbook Publishers, Inc., 1937), page 863. Contains about 5600 
lines in the range 90,850 to 124 A for 83 elements, with accuraiy to 1 A. 
Sensitive and ultimate lines are indicated. 

9. G. R. Harrison, M.I.T. U'avelenyth Tables (New York: Wiley, 1939). 
Table of 500 sensitive lines of the elements according to elemenis an<] again in 
wavelength order, in range 9237 to 2025 A, in arc, s[)ark, and discliarge, for 
85 elements, mostly given to 0.001 A, with intensity range 1 to 9000. (Repro¬ 
duced in part in Appendices 1 and 2.) 

10. W. J. Crook, Metallurgieal Speetrum Analysis' (Stanford University 
Press, 1935). Contains 9540 lines in the range 5800 to 2780 A, in the arc, for 
64 elements, given to 0.1 A, with intensity range 1 to 10. 

11. W. J. Crook, Table of Are Speetrum Lines Arranged in Order of Wave¬ 
lengths (Stanford University Press, 1933). 

12. J. M. Eder and E. Valenta, Atlas typischer Spektren (Vienna: Hcilder, 
1911). Contains about ,35,000 lines in the range 7950 to 1850 A, in are, 
spark, and flame, for 75 elements, given to 0.01 A, with intensity range 1 to 
100. Contains also some band heads. Note Rowland scale. 

13. F. Exner and E. Hascheck, Die Spelctren der Elcrnenten bei normalem 
Drueky Vol. I (Ixtnpzig and Vienna; Deuticke, 1911). Contains about 
20,000 lines in several tables (not mutually exclusive), in the range 7070 to 
2135 A, in arc and spark for 77 elements, given to 0.01 A, with intensity range 
1 to 1000. Note Rowland scale. 

14. F. Twyman and D. M. Smith, Wavelength Tables for Speetrum, Analysis 
(London: Hilger, 1931). Contains a number of tables: (1) Sensitive lines in 
spark spectra of solutions (Hartley; Pollok; Pollok and Leonard; I^eonard 
and Whelan). Contains about 1300 lines, arranged by elements, in the range 
6725 to 2200 A, for 42 elements, given to 0.1 A, with intensity range 1 to 10. 
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(2) Sensitive lines in spark spectra of solids and fused substances (De Gra- 
inont). Contains 330 lines, arranged both by elements and by wavelengths, 
in the range 7948 to 2138 A, for 83 elements, with accuracy t (3 O.I A. Most 
sensitive lines indicated. (3) Sensitive arc lines of 50 elements (in R.U. 
powdtT) arranged by elements. Contains 307 lines in the range 6717 to 
2288 A, given to 0,01 A, with intensity range 1 to 10. Most sensitive lines 
are indicated. (4) Sensitive lines in flame spectra arranged both by elements 
and by wavelengths. Contains 98 lines in the range 7699 to 2484 A, for 
25 elements, given t(j 0.1 A. (5) Sensitive lines in arc and spark spectra, 
arranged by elements. Contains about 1000 lines in the range 7000 to 
2000 A, for 50 elements, given to 0.01 A, with intensity range 1 to 10. 

15. F. Lowe, Atlafi der Irtzen Linien der wichiigden Elenienten (Leipzig and 
Dresden: Steinkopf, 1928). Table of persistent spark lines of the more im¬ 
portant eleiiKMits. 

16. G. Selieilx', PhisikaJMw Methodrn der anab/ibichen Vkemie, I’art I, 
W. Rottger, ed. (Akad(‘iiiisehe \\‘rlagsges(‘llsehaft, l.,ei])zig, 1933), p. 67. 
Contains about 1100 lines in the range 7950 to 1862 A, in are and spark, for 
62 ehunents, give^i to 0.01 A, with intensity range 0 to 40. Includes some 
air lines. 

17. J. C. Boyce and J. M, Maeinnes, Wavelenglhs of the Extreme Ultraviolet 
Lines from Has Discharges (Princeton, N. J.: Palmer Physical Laboratory, 
1930). Contains about 2300 lines in the range 2500 to 115 A, in discharge 
tube, for 10 elements, given to 0.01 and 0.001 A, with intensity range 000 to 
10. Contains air lines and some bands. 

18. J. C. Bo>'ee and II. A. Robinson, “Wavelength Identification Lists 
for the Kxtn'me Ultraviolet," Jour. Opt. Soc. Am., 26, 133 (1936). Ccuitaiiis 
about 2600 lines in the range 200t) to 38 A, in discharge, for 14 elements, 
given to 0.001 A, with intensity range 00 to 50. 

Meggers and Scribner’’ have formulated a rule for predicting the¬ 
oretically the ultimate lines of any element: “A raie nltime in any 
s[)e(‘truiii originates with a simple interchange of a single electron 
bclwc^en .v and p states, usually preferring configurations in which only 
one electron occurs in such a state.” This rule usually gives the 
strongest line characteristic of the spe^etrum, even though it may not 
involve the normal state of the atom as a lower level, but does not 
necessarily give the raies ultimes. Excitation and other factors can 
greatly affec*t the result. 

In some elements those lines which would be expected to be most 
sensitive, or ultimate, lie in relatively inac(-‘essible spectrum regions. 
This is the case with rubidium and cesium, for example, wliich from 
an excitation standpoint should be the most readily detectable of all 
elements. Their theoretically ultimate lines lie in the infrared, but 

* W, F. Meggers and B. F. Scribner, Jour. Res. Nat. Bur. Standards, 13, 657 (1934). 
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in the absence of fast plates for this ref^ion, weaker lines in the blue 
region are usually more sensitive. The improvement in infrared 
sensitivity of photographic emulsions in recent years makes it pos¬ 
sible that the infrared lines will ultimately be found the most sensitive. 

The ultimate lines of oxygen, nitrogen, sulfur, and the other gases 
lie in the vacuum ultraviolet region. Equipment for taking spectro¬ 
grams in this region is not available in many laboratories, however. 
Special methods of excitation may be used to ])roduce other sensitive 
lines in easily a(‘(‘essible regions, as discmssed in § 15.7. 

Certain elements can be detected with greater sensitivity in the 
spark than in the arc, whereas others require use of special sources 
to be detected at all. The data given in most tables of sensitive lines 
a[)ply when the most suilal)le sourc^e is used in a given case. The 
final determination of ultimate lines must in the long run be made 
em[)irically by the individual investigator using his own apparatus. 

15.3. Improvement of Sensitivity Limits. If the ultimate lines of 
an element do not appear on a spectrogram, the analyst is likely to 
conclude that the element in question is not present in significant 
amounts. This absence may be due in part, however, to reduction 
in the exciting power of the source by prevalence of ions produced 
from atoms of low ionization potential, su(*h as sodium or other 
alkalies. As smaller impurity concentrations become significant, it 
be<;omes increasingly necessary to introduce factors that will lower 
detection limits. 

It is a common misapprehension to suppose that the absolute sen¬ 
sitivity limit is usually set by the light-gathering power of the spec¬ 
trograph. Although sensitivity to light is the limiting factor when 
only a small sample of material is available, most qualitative analyses 
are made on samples available in considerable amounts. Under such 
circumstances a spectrograph of high aperture, which often involves 
low dispersion, and an emulsion of high speed, which almost always 
has low contrast, are seldom best for reaching the limit of sensitivity. 
When plenty of material is available, the lower detection limit is set 
by the ratio of intensity of the line being searched for to that of the 
background spectrum, a sort of “signal-to-noise ratio.” When plate 
sensitivity or time of exposure are increased, both faint lines and 
background increase, and no improvement in detection results. 

Many spectrographic analyses are carried out with instruments 
having dispersion too low to give the best results, not only for qualita- 
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live sensitivity but also for quantitative precision. If a spectrograph 
of low resolving power is used, the background intensity is increased 
relative to the line intensity over what would be obtained with an. 
instrument of higher disi)ersion. To take an extreme case, it was 
found that a 35-ft concave grating in a Wadsworth mounting, plate 
factor 3.2 A per millimeter, could be used to photograph in two 
minutes 10 tin lines in concentrations too small to be detected with 
a standard medium quartz spectrograph, having a plate factor of 
16.2 A per millimeter, in any ex]K)sure time, however long. A good 
general rule when extreme sensitivity is desired is to use a spectro¬ 
graph with resolution and dispersion as great as is consistent with 
obtaining a suitable exposure in a reasonable time with the amount 
of material available for burning. 

It is often possible to increase the intensity of a faint line relative 
to that of its neighboring background by the use of some of the fol¬ 
lowing procedures: 

1. By using a spectrograph of high resolution and dispersion, to 
decrease continuous background relative to line intensity. 

2. By selecting the optimum slit width for the lines being sought. 

3. By selecting excitation conditions such that the line intensity 
is increased relative to the background intensity. 

4. By reducing factors in the source that produce continuous 
background or bands. 

5. By reducing scattered light and chemical fog. 

6. By using the moving-plate technique discussed in §15.7 to 
separate lines that have maximum intensity at different times in the 
burning life of the arc or spark. 

7. By using fractional distillation of the sample in the source 

(§ 15 . 6 ).' 

8. By treating with pure reagents the material being analyzed, 
to change the negative radicals to another form in which background 
intensity will be reduced and line sensitivity increased. 

9. By introducing buffer materials in the arc, or by using around 
the arc an atmosphere that suppresses bands and continuous back¬ 
ground more than it reduces line intensity. 

10. By using the carrier-distillation method of Scribner and Mullin 
(§ 15.8) to accelerate fractional distillation in a certain part of the 
burning cycle and aid in sweeping into the arc stream the atoms to 
be excited. 
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By a combination of these means it is often possible to extend the 
sensitivity limit of analysis for a particular element by a factor of 
100,000 or more. 

15.4. Identification of Elements. It is ordinarily not necessary to 
determine wavelengths accurately for qualitative analysis, since 
master spectrograms can be prepared with the spectrograph used, to 
show the locations of all important lines. For certain elements the 
lines will He in definite patterns that can be identified at sight. Once 
a master spectrogram has been prepared, spectrograms taken with 
the same instrument for other samples can be superposed on this on 
a viewing box, and lines that coincide on the two can readily be 
marked. The Judd-Lewis comparator shown in Fig. 9.4 is a device 
for bringing the master and sample plates to optical coincidence 
without putting them in mechanical contact. 

When master plates taken with the instrument being used are not 
available, it is still possible to identify lines by comparison of pat¬ 
terns. Standard charts of the type described in § 9.3 will be found 
useful for this purpose, if proper allowance is made for differences in 
dispersion, or for variation in dispersion with wavelength, when the 
master chart is taken with a prism or grating instrument and the 
sample spectrogram is taken with an instrument of the other type. 

The Spekker Steeloscope/ shown in Fig. 3.4, is a spectroscope of 
moderate dispersion with an eyepiece that has been marked for setting 
on the positions of sensitive lines of several metallic elements. It 
furnishes a simple and convenient means of making quick optical 
estimates of such elements as nickel, chromium, and copper, in steel 
or other samples, and can be used for some quantitative as well as 
qualitative work. 

The R.U. powders and charts discussed in § 9.3 are also of con¬ 
siderable aid m qualitative analysis, since the operator can take 
spectrograms with his own instrument of samples of R.U. powder 
and quickly identify from the charts the various lines in which he is 
interested. On spectrograms he should be able to find the more 
important sensitive lines of each “spectroscopic” element. 

Incorrect identification of an element is unlikely if more than one 
line is used to establish its presence or absence. Errors due to 
inhomogeneity of the sample are much more likely, and here it is 
necessary to have recourse to those established procedures which 
ensure that the sample is truly representative. 


® F. Twyman. General Reference 15.3, page 275. 
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15.5. Light Sources and Handling of Material. The original 
method of qualitative spectroscopic analysis introduced by Bunsen 
and Kirchhoff ^ in 1859 involved spraying liquids or powders into the 
gas fed to a Bunsen burner. Although flame excitation is often used, 
particularly for analysis by the method of LundegardhJ the flame 
does not supi)ly the excitation needed to make more than about 
30 metallic atoms detectable. Properly designed flame photometers 
are extremely simple to use. Photography of a flame spectrum offers 
little advantage over visual observation, however, since the excitation 
is so low that many of the lines are confined to the visible. The ex¬ 
citation can be increased somewhat by using an oxyhydrogen or oxy- 
acetylene flame. 

p]xcept in the case of modern flame photometers, emission spec¬ 
troscopic analysis is ordinarily accomplished with the arc or spark 
as source. The arc gives greater sensitivity in most cases, burns more 
of the sample, involves a simffler electric circuit than the spark, and 
requires no dangerously high potential. The spark requires some¬ 
what less attention than the arc and may be used when very small 
samples are to be consumed and extreme sensitivity is not required, 
as for example in determining constituents in the metallic coating of 
a watch case. Circuits for arcs, sparks, and other sources are dis¬ 
cussed in Chapter 8. 

Certain parts of an arc or spark provide greater sensitivity than 
others for the detection of various elements.® Lines arising from 
molecules that may readily be dissociated appear most strongly in 
the outer layers of an arc, whereas lines arising from un-ionized atoms 
may appear near the positive electrode, and from ionized atoms 
near the negative. 

If the material to be analyzed can be obtained in rods or chunks, 
“self-electrodes” should be used. These may be roughly shaped and 
held in an arc holder such as that shown in Fig, 8.5. Alternatively, 
the sample may be placed in a hollowed-out electrode of pure graphite, 
as shown in Fig. 15.3. The sample electrode is usually made positive 
because the positive becomes hotter than the negative, this difference 
in temperature assisting in vaporizing the material. However, in¬ 
creased sensitivity of detection may result from making the sample 
electrode negative. 

To avoid contamination, the sample to be analyzed should be 


7 H. Lundegardh, Zeitschr.f, Pkydk, 66, 109 (1930). 
® See L. Strode, General Reference 15.7, page 49. 
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handled as little as possible. So sensitive is the spectrogra[)hic 
method that an arc operated in a room in which a commutator- 
equipped electric motor is running may show coj)per lines even though 
no copper is present in the sample. It is usually desirable to use a 
sam[)le of 10 mg or larger both for convenience in handling and so 
that it may truly be representative of the master sample. 

Very pure graphite electrodes, wrapped in cellophane until used 
and handled only with scrupulously clean tongs, are useful for holding 



(c) (d) 

Fig. 15.3. Several forms of hollowed-out graphite electrodes. 

samples to be analyzed. Such “spectrographic carbons” can be 
obtained from several companies or may be prepared in the labora¬ 
tory.® Carbons of ^-in. diameter are most convenient for the lower 
electrode, and may be bored out with a l-in. drill kept clean for the 
purpose. The upper electrode may well be I in. in diameter or less 
and somewhat pointed. A 5-amp arc is suitable for this size of 
electrode. 

A disadvantage of the graphite electrode is the prevalence of 
cyanogen bands, which are due to the molecule CN, when it is used, 


® See J. S. Owens, General Reference page 17. 
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These bands, some of which are shown in Fig. 15.4, are likely to 
interfere with sensitive lines in various parts of the spectrum, espe¬ 
cially in low-dispersion spectrograms. The bands are especially strong 
when the sample material has been burned out of the electrode. This 
condition can readily be detected by the appearance of strong violet 
light in the arc. Provision should be made to turn off the arc when¬ 
ever this condition appears or to bar the light from the spectrograph 
while the arc is being reloaded. 

Copper or silver electrodes are sometimes used instead of graphite 
in exciting samples, but their use, which largely eliminates the 
cyanogen bands, greatly reduces sensitivity. This reduction results 
both because graphite electrodes become hotter than metallic ones 
and because the carbon arc stream reaches a higher level of excitation 
than that of a metallic arc. 

To reduce the likelihood of contamination, electrodes may be pre¬ 
burned for a few seconds before the sample is introduced. Merely 



Fig. 15.4. The cyanogen bands in the near ultraviolet (3500-4200 A) produced 
by graphite electrodes burning in air. 

because a given element is not found in the spectrum of the empty 
electrode, however, one is not justified in assuming that it is not 
present in the electrode material, since sensitivity of detection is 
likely to be increased in such circumstances by the addition of 
metallic ions to the arc stream, as when the sample is added. Thus, 
certain highly purified graphite electrodes show no vanadium when 
burned in the arc, but when a small amount of pure metallic salt, 
known to contain no vanadium, is added, vanadium lines may appear. 
Electrodes should always be cut or shaped with tools which have been 
carefully cleaned with alcohol or ether and wiped with clean filter 
paper. 

Any material can be made to support an electric arc if it can be 
heated to the point of volatilization into the arc stream. When a 
nonconducting powder is to be studied, it can be mixed with a con¬ 
ducting material that gives few spectrum lines. Powdered graphite 
is useful for this purpose. Ammonium sulfate can also be used, since 
its component atoms do not give lines in the visible or ultraviolet 
regions under arc excitation. Slags, refractories, and inorganic mate¬ 
rials can be ground up with pestle and mortar, preferably of agate or 
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other hard substance, and mixed with the conducting material, which 
may be moistened with pure dilute HCl. Biological materials may 
be ashed in a furnace or by digestion in pure acids, and the ash 
introduced into the a^c for analysis. 

Strock® has described the cathode glow method of analysis of 
Mannkopf and Peters,in which use is made of the very high sen¬ 
sitivity of excitation that exists in the small region of the electric arc 
near the negative electrode when this is used to hold the sample. 
This so-called “Glimrnschicht method” is widely used. High ab- 



(a) (b) 

Fig. 15.5. Hollow-cathode source of McNally, Harrison, and Rowe^^ for 
spectrochemical analysis, (a) Assembled, (b) Parts. 


solute sensitivity is also obtainable with the high-voltage AC arc, as 
described by Duffendack^^ and his coworkers. A transformer giving 
about 1200 volts is connected to the electrodes, and 1 amp or more 
is sent through the spark, so it becomes an incipient arc. This source 
must be handled very carefully on account of the danger of shock. 

The hollow-cathode tube, discussed in §§ 8.19 and 15.7, probably 
gives the most sensitive means of detecting small quantities of mate- 

R. Mannkopf and C. Peters, Zeitschr. f. Physik, 70, 444 (19S1). 

O. S. Duffendack and K. B. Thompson, Proc. Am. Soc. Testing Materials, 36, 
310 (1936). 

i*i. R. McNally, Jr., G. R. Harrison, and R. Rowe, Jour. Opt. Soc. Am., 37, 93 
(1947). 
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rial. Since the sample can be evaporated into the excitation column 
over and over again, it does not escape excitation so readily as in 
other sources. McNally, Harrison, and Rowe^^ found that with the 
hollow cathode they could go down to extreme limits of concentration 
even in detecting the halogens and sulfur. Their source is shown 
in Fig. 15.5. 

A very convenient form of spark electrode for qualitative analysis 
is shown in Fig. 8.10. This is applicable when electrodes can be 
formed of the sample to be analyzed. It is desirable that the spark 
should wander somewhat in order to prevent overheating of a portion 
of the electrode, hut this wandering should be held in a line parallel 
to that connecting the spark with the slit so as not to get off the 
speetrograph line-of-sight. Very small electrodes can be used with a 
s})ark, especially if the amount of current flowing is kept small; for 
examj)le a satisfactory spark can be formed between two ])ieces of 
the hair spring of a watch. 

The spark is likely to be less satisfactory than the nre in rc'aching 
a high sensitivity because continu¬ 
ous background is usually more 
intense in the spark. Another dis¬ 
advantage is the likelihood of ex¬ 
citation of “air lines,” which do not 
apjjear in sources having lower ex¬ 
citation. These may be partially 
suppressed by the addition of in¬ 
ductance to the spark circuit, shown 
in Fig. 8.11. The inductance shown 
in that figure should be adjusted to 
suppress air lines as much as pos¬ 
sible without reducing excitation 
below the needed level. 

Liquids can be handled directly by using them to wet graphite 
powder })laced on the graphite holder in an electric arc or spark, or 
they can be used with one of the various methods for sparking from 
metal to licpiid surfaces^^’ (Fig. 15.6). Also, as in the Lundegardh^ 
method, liquids can be introduced into a flame that can then be 
excited electrically, if necessary. 

15.6, Moving-Plate and Fractional Distillation Methods. It was 

shown by Mannkopf and Peters^^ that when a sample is held in a 



Electrode (e g ,gold) 


- Hole in shield 
for emergent 
radiation 


Electrode 


Fig. 15.6. Arrangement 
sparking from metal to 
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F. Twyrnan and C. S. Hitchen, Proc. Roy. Soc. (London), A133, 72 (1931). 
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deep hole drilled in the lower terminal of a graphite arc, the various 
constituents are distilled into the arc at different times. They used 
this fractional distillation method to increase the sensitivity of quan¬ 
titative analysis, but it is also extremely useful for qualitative anal¬ 
ysis, especially when combined with the moving plate technique. 
Preuss,^** who took several successive exposures during the burning 
time of the arc, mentions that fractional distillation was useful for 
separating lines which happened to lie close together. The plate 
can be moved continuously parallel to the spectrum lines during the 
exposure,’^ by hand or with a small motor provided with a suital)le 
reducing gear, and in this way resolution in time is effected even more 
conveniently. Figure 15.7 shows such a plate, taken with a medium 



Fig. 15.7. Moving plate spectrogram of a brass sample in a carbon arc. 

The elapsed time was 4 min. 


quartz spectrograph. The plate was moved uniformly at such a 
speed that 4 min was required to cover the distance from the wave¬ 
length scale at the top to the bottom of the photograph. At the top, 
just after the arc was started, lines of zinc, cadmium, lead, and copper 
predominate. After about half a minute, zinc, cadmium, and lead 
disappear, the copper spectrum is greatly enhanced, and iron lines 
iippear. These last for another minute or more, there is a flash of 
calcium and aluminum lines, and finally there is nothing left except 
weak copper lines, a carbon line, and the cyanogen bands. 


E. Preuss, Chem. Erde^ 9, 365 (1935); Zeitschr. angew. Min., 1, 93 (1937). 
See D. Richardson, General Reference 15.13, page 64. 
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The advantages of using the moving plate are again apparent on 
inspection of Fig. 15.8, in which the intensities of lines from elements 
having different ionization and excitation potentials are plotted 
against time as 50 mg of brass turnings is burned in pure graphite 
electrodes. If the spectrogram from which these data were taken had 
been obtained from a single 10 sec exposure, the lines of both element s 
would have been lost at concentrations 100 times greater than those 
reached by spreading the light from the arc out on a time scale. 
Similar sensitivity could have been attained, of course, by photo- 



0 10 20 30 40 50 60 70 80 90 100 HO 120 

Time in Seconds 

Fig. 15.8. Intensity-time curves for different elements in the same sample. 

graphing the arc for 10 sec at just the proi)er time, but the best time 
to take this exposure varies from element to element and from sample 
to sample, and the moving-plate technique gives the opportunity to 
select the optimum portion of the exposure for each element. 

The moving-plate method is especially valuable for biological 
material, in which the character of the matrix is often somewhat 
indeterminate. The conditions of excitation at any instant are the 
complex result of a number of different boiling points, diffusion rates, 
and excitation and ionization potentials. If fairly high concentra¬ 
tions of a material having a low ionization potential and a low boiling 
point are present, the excitation conditions in the arc are depressed. 
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Scribner and Mullin^® have addecJ a further development to the 
use of fractional distillation in the arc, known as the carrier-distillation 
method. To the sample they add a material that is found empirically 
to speed up the “washing” into the arc stream of the impurities being 
detected. They first convert the sample chemically to a form having 
high volatility, so that the rate of distillation in the arc will be in¬ 
creased. They then mix a carrier material of intermediate volatility 
to the amount of about 2 per cent with the powdered sample. This 
carrier may be gallium oxide, as they recommend, silver chloride, as 
used by Kent,^^ or some other material found empirically to be 
suitable. Use of such material results in a speeding up and spreading 
out of the fractional distillation process, which is very effective in 
extending sensitivity limits when the moving-plate method or an 
equivalent technique is used. 

High-speed plates are sometimes recommended for high sensitivity 
of detection, because it is thought that weak lines can be detected most 
readily in this way. Weak background intensity is correspondingly 
increased, however; and since what is wanted is increased density of 
the line over that of the rapidly increasing background, liigh contrast 
or, better still, rapidly increasing contrast is a more desirable plate 
property. This observation suggests that slow plates, such as 
process plates, are desirable for qualitative work when limiting sen¬ 
sitivities are to be reached, and such plates are indeed found to give 
a real gain in detection sensitivity. The use of a high contrast 
developer such as Eastman D-11 is also helpful. 

15.7. Analysis for Elements Difficult to Detect. The 20 elements 
considered least susceptible to spectrographic analysis, either qualita¬ 
tive or quantitative, are the permanent gases, the four halogens, sulfur 
and selenium, polonium, actinium, protoactinium, thorium, and 
uranium. In recent years it has been found possible to analyze for 
thorium, uranium, and the other heavy elements by using spectro¬ 
graphs of high resolution and by using various innovations of excita¬ 
tion and handling. 

The gases are difficult to detect spectrographically, not only be¬ 
cause they are hard to excite but also because their principal lines lie 
below 2000 This vacuum ultraviolet region has been studied 

^ B. F. Scribner and H. R. Mullin, Jour, Res. Nat. Bur, Standards., 37, 369 (1946). 

R. Kent III, unpublished report. 

But see R. A. Wolfe and O. S. Duffendack, General Reference 15.14, page 66; 
also footnote 19. 
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extensively in scientific laboratories, and it is usual to find lines of 
nitrogen, oxygen, and other gases appearing on almost all vacuum 
spectrograms. These elements can readily be detected by the 
methods of vacuum spectroscopy, especially in hot spark and other 
sources having high excitation (Chaj)ter 19). Gatterer and Frodl 
have investigated their excitation with high-frequency sources and 
have developed methods for their detection down to low concen¬ 
trations. 

Sulfur and selenium show no ultimate lines in most tables because 
their sensitive lines lie at wavelengths shorter than 2000 A. Harrison 
and Merrill developed three different ways of analyzing for these 
two elements. For sulfur the three lines that theoretically should be 
the most sensitive lie between 1807 and 1826 A, while for selenium 
they lie l)etween 1960 and 2062 A. The standard type of quartz 
spectrograph does not quite reach them, because of absorption by its 
quartz optical train and because of the absorption of light of these 
wavelengths by oxygen in the air and by the gelatin in the photo¬ 
graphic emulsion. It is also necessary to overcome tlie effect of the 
high excitation potentials of sulfur and selenium, which are above the 
ionization potentials of the metals forming the usual matrix. The 
latter difficulty can be overcome by using arcs of high current density 
or sparks with high average excitation. The former difficulty was 
overcome by flushing an ordinary spectrogra[>h continuously with a 
stream of commercial tank nitrogen, allowing this to leak out the slit 
against the arc or spark placed directly in front of it, and by using 
specially sensitized plates. When a lithium fluoride optical train or a 
diffraction grating was used instead of a quartz prism, an increase of 
sensitivity resulted. By this means, nickel was successfully analyzed 
for sulfur dowm to concentrations below 1 in 10^. 

Harrison and Merrill carried out similar analyses by using infrared 
lines of sulfur which, though not the ultimate lines, were found very 
sensitive when used with modern infrared plates. Sulfur was also 
analyzed in the ordinary s]>ectrum range by using the hot spark and 
detecting the stronger lines of SII and Sill. The first of these 
three methods was found most convenient and practical, but the 
hollow-cathode method was found later to detect S and Se at still 
lower concentrations. 


A. Gatterer and V. Frodl, Ric. Spettroscop,, 1, 201 (1946). 

See G. R. Harrison and D. P. Merrill, General Reference 15.16. 



446 QIIAJJT4T1VE ANALYSIS OF MATEHIALS [§15.8 

Konovalov and Friscli^^ used the hollow cathode to detect nitrogen 
and argon to a few tentlis of 1 per cent. McNally, Harrison, and 
llowe^^ have developed a method of spe(‘troscopic analysis of the non- 
metals with emphasis on analysis for fluorine, and their paper gives 
references to previous papers on the analysis of gases spectrosco})i- 
eally. They studied the relative sensitivities of fluorine lines in the 
vacuum ultraviolet region and in the visible, and found that certain 
visible lines appeared more sensitive than the tlieoretical ultimate 
lines of fluorine. By using a specially designed hollow-cathode 
source, they were able to detect as little as 10“^ gram of fluorine at a 
eoncentrational sensitivity of less than 1 in 10^*’. Chlorine and sulfur 
were readily detected in amounts as small as 0.2 /xg, and 1.0 /xg respec¬ 
tively, in samples weighing 20 mg. 

Fluorine can be determined spectrographically by adding cak*ium 
.salts to the sample, if necessary, and using the band head of calcium 
fluoride at 5291 A, since the CaF molecule resists dissociation in the 
arc. Papish, Hoag, and Schnee- obtained an absolute sensitivity 
limit of 10 Mg of fluorine by this method. 

15.8. The Qualitative Analysis. Figure 15.9 shows a typical 
master plate marked with the sensitive lines of the principal elements 
obtained with R.IJ. powder (§ 9.8). The extra trouble of preparing 
such master plates is worth while for any spectrograph that is to be 
used extensively for analytical work. 

It is convenient in making a qualitative analysis to put the elements 
sought into four categories: major constituent, minor constituent, 
trace, and absent, corresponding roughly to the ranges 100 to 1 per 
cent, 1 to 0.01 per cent, 0.01 per cent to the minimum detectable, 
and less than this. Such categories and limits are only approximate 
and will vary greatly from element to element. Often a great deal 
of semiquantitative information can l)e obtained from the relative 
intensities of the lines, particularly when several similar samples are 
being compared in which the amount of one element relative to 
another is changing. The temptation to estimate amounts without 
some sort of control should be resisted, even if the estimate is no 
closer than a factor of 10, since the intensity of a line depends on 
many factors in addition to the conc*entration of the element being 
studied. A typical qualitative analysis report is given in Table 15.3. 


^ V. A. Konovalov and S. E. Frisch, Jmr. Tech. Phys. (U.S.S.R.), 4, 523 (1934). 

22 J. Papish, L. E. Hoag, and W. E. Snee, Ind. Eng. Chem., Anal, ed., 2, 203 (1930). 
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Report of Spectrochemkal Qualitative Analyses 

Date: ^X/c-cJL' 



M — constituent probably major 
m = co'nstitucfnt probably minor 
tr « constituent probably trace 
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CHAPTER 16 


Quantitative Spectrochemical Analysis 


Quantitative analysis op mateuials by emission spectroscopy 
is frequently referred to as spectrochemical analysis, less frequently as 
spectrum analysis, the latter term being likely to be confused with the 
analysis of spectra. Since 1930 the development of spectrochemi(*al 
methods has been rapid, and they can now be made so precise, can be 
carried out so rapidly and simply, and are used in so many routine 
industrial applications that they must be considered as well tested and 
established. 

Spectrographic emission methods of quantitative analysis can be 
readily used whenever the elements to be determined are metallic or 
metalloidal, when the chemical combinations in which they are 
present in the sample need not be determined, and when the combined 
concentrations of the elements of interest are less than about 5 per cent 
of the entire sample. Outstanding advantages of the method are its 
rapidity, the smallness of the sample that can be analyzed, the 
simplicity of the operations needed, the sensitivity available for deter¬ 
mining very low concentrations of material, and the precision ob¬ 
tainable. Precision to within ^ per cent of the amount of element 
being determined is no longer unusual, and this precision is to a 
considerable degree independent of the actual concentration. Thus 
it is usually as easy to determine spectrographically the difference 
between 0.0010 and 0.0011 per cent of lead in gold, for example, as 
that between 0.10 and 0.11 per cent. Ten milligrams of sample may 
suffice for the quantitative determination of from 1 to 30 elements, 
and if necessary as little as 0.01 mg may serve. 

Probably the greatest usefulness of spectrochemical methods arises 
in carrying out routine procedures where similar analyses are to l)e 
made on hundreds or thousands of samples, as in production composi¬ 
tion control. Here the time and effort consumed in preparing stand¬ 
ard samples and in setting up special procedures are soon repaid in 
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savings of time in individual tests, and in consequent reductions of 
operating costs in plants and laboratories. In most of the metals 
industries and in many chemicJil laboratories, spcctrochemical anal¬ 
ysis is now a routine control process. 

As chemical wet methods grow less precise at lower concentrations 
owing to the small quantities of material available, spectroscopic 
methods gain in advantage. Quantitative analyses can be made 
spectrographically under almost all conditions in which qualitative 
s[)ectrographic analyses can be made, the difference being largely the 
control of the conditions of spectrograpliy. The situations in which 
quantitative spec.’trographic; analysis is most useful are similar to those 
discussed in Chapter 1.5 for qualitative analysis. 

Simple quantitative spectrographic methods serve for determina¬ 
tion of some 70 of the chemical elements, including all metallic and 
metalloidal elements. Spec'ial methods, somewhat less convenient 
than those sufficing for metallic elements, have been developed for 
sulfur, selenium, and some of the halogens (§§ 15.7 and 16.14). Satis¬ 
factory spectrograj)hic methods have not yet been developed for the 
analysis of gases in gross quantities, but tentative steps in this direc¬ 
tion were discussed in § 15.7. 

Quantitative determination of molecular constituents in a sample 
can sometimes be carried out with high sensitivity and excellent 
precision by the methods of absorption s]3ectrophotometry and 
Raman spectroscopy. These are discussed in Chapters 14, 17 and 18. 
Many points of importance in quantitative analysis were examined 
in Chapter 15, and the contents of that chapter should be carefully 
kept in mind in connection with the problems now to be discussed. 

THE BASIC PROCEDURE OF 
QUANTITATIVE ANALYSIS 

Though many procedures of quantitative analysis are discussed in 
the literature and are given the names of their proposers, practically 
all are variations of one basic procedure. Since the relative numbers 
of atoms present in a sample are to be determined by means of the 
radiation which they are caused to emit and since the quantity of this 
radiation can depend on many factors besides the number of atoms 
emitting it, a null method is required. Elimination of the influence of 
factors that need not be determined can most readily be done by 
keeping as many of them constant as possible. 
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16.1. Basic Procedure. The sample to be analyzed may be re¬ 
garded as consisting of the following: (a) one or more major constitu¬ 
ents, which together constitute the matrix. These influence the 
excitation conditions in the source, such as the equivalent temperature 
of burning, by the number and character of the ions they provide, 
(b) From 1 to 70-odd atomic constituents, the elements which are to 
be quantitatively determined, present in such small quantities that 
variations in their concentrations will not significantly affect the 
excitation conditions. 

Suppose that we have a sample of palladium in which we wish to 
determine quantitatively the amount of platinum. This can be done 


Vi Pd Pd Pt Pt Pd Pt Pt Pd Pt Pt Pt Pt Pt Pt Pt Pt 



Fig. 16.1. Determination of platinum in palladium sample. The Pt lines 
(X 2650) shown in the spectrum a (the unknown) are seen to have an intensity 
between that of standard sample III and standard sample IV. 


by preparing a series of otherwise identical palladium samples in 
which the amount of platinum present is controlled. These standard 
samples are then burned in a uniform manner in an electric arc or 
other source of excitation, and the unknown sample is burned in as 
closely the same manner as possible. From the resulting spectrogram 
that standard sample is selected which has produced Pt lines of most 
nearly the same density as those produced from the sample being 
analyzed, the ‘‘unknown.’" This situation is shown in Fig. 16.1. 
Here the two standards III and IV are seen to bracket the unknown 
sample o. A new series of standards intermediate in Pt content 
between III and IV can then be made up and burned, until one is found 
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whose Pt lines duplicate in intensity those of a. The unknown can 
then be assumed to have the same concentration of Pt as this standard 
sample. 

In practice it is not necessary to match the density of the line in a 
standard sample exactly to that of the unknown. A working curve 
of concentration against intensity of light emitted under controlled 
conditions can be plotted, on which the unknown concentration can 
then be interpolated from measured densities. It is essential, how¬ 
ever, that standard and unknown samples be treated as nearly as 
possible alike. The precision of an analysis will usually depend on 
how closely this duplication can be controlled. 

16.2. Sources of Excitation. Arc, spark, and flame excitation, as 
discussed in (Chapters 8 and 15, can all be used for quantitative 
analysis, and any one of these may serve best for a particular type of 
sample. In the electric arc more of the sample is likely to be con¬ 
sumed, and hence the sample can more easily be made truly represen¬ 
tative of the material being analyzed. The arc prodiuics very bright 
spectrum lines, involves simple electrical circuits, and produces no 
confusing air lines that sometimes interfere with spark analysis. 
Somewhat higher excitation, which is sometimes needed, can be 
obtained with the spark than with the arc in air. The s{)ark requires 
less attention than the arc, consumes a smaller amount of material, 
may produce less continuous background and fewer interfering bands, 
and vaporizes volatile material less rapidly. With special methods, 
such as those of Rarnage^ and of Lundegardh,- flames of various types 
have certain advantages, especially when biological samples are to be 
consumed. The flame photometer has been referred to in Chapter 15. 

For certain types of samples the AC arc method ^ developed by 
Duffendack and his collaborators gives very high sensitivity, and the 
Glimmschicht or cathode-layer method described in § 15.5 gives 
equally high sensitivity under other conditions. The hollow cathode 
(§§ 8.19 and 15.7) forms an extension of the cathode-layer method 
and probably gives the highest sensitivity of all sources when an 
extremely small amount of material is available for excitation. The 
reason for this sensitivity is that when the cathode layer is curved 


iR. Ramage, Nature, 123, 601 (1929); ibid., 137, 67 (1936); H. Ramage, J. H. 
Sheldon, and W. Sheldon, Proc. Roy, Soc, (London), IU13, 308 (1933). 

2 H. Lundegardh, Zeitsehr.f. Phys., 66, 109 (1930); see also General Reference 16.3, 
®0. S. Duffendack and K. B. Thompson, Proc, Am. Soc. Testing Materials, 36, 
310 (1936). 
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into a complete cylinder, an atom has more difficulty in wanderin^^ 
from the stream of excitation than in other sources. 

The accuracy of quantitative analysis is usually limited hy fluctua¬ 
tions in the source. Causes of these fluctuations are differential 
evaporation, cathode spot wandering, current fliu^tuations which are 
caused by these and other effects, and irregular train length in the case 
of spark sources. For this reason special sources, such as the con¬ 
trolled spark, discussed in Chapter 14, are of special importance in 
spedrochemical analysis. 

16.3. Form and Preparation of the Sample. In preparing samples 
for burning, it is important to minimize handling and to simplify 
preparation procedures. If the material to be analyzed is solid and 
can be obtained in small, uniform sticks or bars, these can be used 
directly as “self-electrodes.” A common source of error is inhomo¬ 
geneity of the sample. When a sample is not uniform, it may be 
ground to a powder, mixed thoroughly, and packed in a hollow elec¬ 
trode of graphite or some other conducting material. The sample 
may also be dissolved and the resulting solution used to moisten 
graphite powder, which can then be packed into a graphite electrode. 
Sometimes a spark can be made to pass directly to a liquid surface 
(Fig. 15.6). 

Graphite, copper, silver, and gold are used as container electrode 
materials, principally because of their high melting points and 
because they can be readily obtained in spectroscopically pure form. 
Graphite is much more widely used than the other three because of 
its desirable electrical and thermal characteristics. Somewhat higher 
excitation is obtained in an arc between graj)hite electrodes than 
between metallic electrodes. Pellets of graphite or other material 
can be compressed in briquetting apparatus, to give exact amounts of 
uniformly dense material for burning. 

16.4. Standards for Comparison. By far the greatest part of the 
work involved in making a spectrographic quantitative analysis lies 
in preparing the standards, which must Ixj similar in general constitu¬ 
tion or matrix to the sample to be analyzed but which contain known 
amounts of the elements being determined. Fortunately, one stand¬ 
ard sample will serve as a container of known amounts of a number 
of elements. There is no limit to this number except that the total 
quantity of varying elements must be kept low enough to avoid 
affecting the matrix conditions. This requirement usually means 
below 1 per cent of the entire sample, though in certain cases as much 
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as 5 per cent is permissible. A spectrograph with sufficient resolution 
must be used, of course, so that the lines of the various elements do 
not interfere. 

One per cent of zinc in a sample of sodium chloride will give much 
less light than 1 i)er cent of zinc in a sam}>le of gold, for example, 
because the excitation conditions set by the prevalent sodium ions in 
the first case are much lower than tliose set by the prevalent gold ions 
in the second case. In analyzing for zinc in NaCl it would be neces¬ 
sary to make standard samples in which the matrix was NaCl, and 
varying amounts of zinc were added. In analyzing gold for zinc it 
would be necessary to have a matrix of metallic gold to which varying 
amounts of zinc were added, and to have any sodium ions p)resent in 
quantity in the unknown gold sample also present and constant in 
concentration in the standard sanifdes. Ehunenls of low boiling point 
and ionization potential, such as the alkali metals, exert very powerful 
effects on the matrix, and small variations in concentration of these 
may produce large changes in the light emitted by a minor constituent 
in the same sample. A sample of gold containing 1 per cent zinc and 
no copper can be expected to emit zinc lines as strongly as a similar 
sample containing 1 per cent of zinc and 1 j)er cent of copper, but if 
as much as 5 per cent of copper is introduced, or 1 per cent of sodium, 
the intensity of the zinc lines can be expected to be different. 

Metallurgical standard samples can be made either by mixing 
alloys in the induction furnace,^ or by dissolving the sami)les in acid 
to produce salts which can then be ground and thoroughly mixed.*^ 
Another procedure is to mix metallic powders with a basic matrix 
buffer material, such as graphite or a salt, such as ammonium sulfate 
or ammonium chloride, which produces few spectrum lines. Bio¬ 
logical samples to be examined for traces of metals can usually be 
digested with acids or ashed in a furnace to remove organic constitu¬ 
ents, and then added to some matrix base that can be reproduced in 
preparing standards. 

One of the simplest methods of preparing a standard is to take 
some of the actual material being analyzed and add to it known 
amounts of the elements to be determined. This procedure involves 
extrapolation back toward zero concentration in successive approxi¬ 
mations, however, which is much less precise than if a pure sample 

*See General References Ifi.l and 16.2. 

^ See General References 16.1 and 16.3. 
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of similar material can be obtained and used as the matrix for the 
addition of the elements of interest. Every spectrographic laboratory 
in which quantitative analyses are to be made should build up a 
collection of standard samples as rapidly as possible. 

16.5. Burning of the Sample. The role of the excitation source is 
threefold: to vaporize the sample at a rate as controlled as possible; 
to dissociate all molecules present into their constituent atoms or 
atomic ions; and to excite these atoms or ions to emit radiation. 
When very low concentrations are involved, it is important to cause 
every atom of the element of interest to emit as much liglit as pos¬ 
sible, and the methods of improving sensitivity di.scussed in § 15.3 
may be invoked. 

Fundamental in control of the source, however, is the necessity of 
treating the standard sample and the unknown sample exactly alike 
Such equal treatment can be attained satisfactorily only when both 
samples have the same matrix, are subjected to the same conditions 
of excitation, and are caused to emit radiation in the same way. 

16.6. Selection and Use of the Spectrograph. Quantitative 
analyses can be made witli a visual spectroscope, but this method has 
fallen into disuse except for rapid, short-cut analyses of fairly high 
concentrations. The Spekker Steeloscope (Fig. 3.4 and § 15.4) is 
furnished by Hilger fitted with the Insta eyepiece for this purpose. 
Usually a spectrograph is better than a visual s})ectroscope because 
it gives greater precision and permits use of the ultraviolet spectrum, 
a region where suitable lines for analysis of many elements lie. 
Moreover, a permanent record is given. A glass-prism spectro¬ 
graph can be used, but a spectrographer limited to the visible region 
alone is decidedly handicapped. A quartz spectrograph of medium 
dispersion will serve for quantitative analyses of elements in the first 
three rows of the periodic table, which have comparatively simple 
spectra. Most analyses are made with prism spectrographs having 
a focal length of 6 ft or more, or with gratings of focal length 2 to 
6 meters. Ferrous materials and others containing a matrix whose 
spectrum is complex require a dispersion of 0.15 mm/A or more. 
Where only a limited spectral region can be covered, more elements 
can be analyzed for by using the range 2400 to 4000 A than any other 
region of similar extent, but provision should be made if possible for 
covering the range 2000 to 8000 A. 

It is of particular importance for quantitative analysis that back¬ 
ground light and scattered light be kept to a minimum. The spec- 
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trograph should of course cover all spectral regions that include the 
lines chosen for the analysis. It also should ha ve sufficient dispersion 
so that the encroaching background will not limit to values greater 
than those present in the samples being analyzed the sensitivity to 
concentrations of the elements being determined (see § 15.3). It 
should produce a spectrum plate on which as many as 10 or W ex¬ 
posures to various standard and unknown samples can be taken. 

It is usually not difficult to prodm^e suffi(!ieiit radiation from a 
sample to obtain a satisfactory spectrogram with an exposure time 
of 5 min or less. If the exposure time is less than 30 sec, it is some¬ 
times desirable to lengthen it by artificial means, such as the use of 
diaphragms or rotating disks to reduc^e the speed of the spec-trograph, 
since a burning time of 1 min or longer may be necessary to ensure 
the consumption of a truly representative sample. 

A stigmatic spectrograph is especially suitable for analytical pur¬ 
poses, because with it simple methods of photometry can be used. 
Rotatiug-disk photometry requires uniform illumination of the slit, 
which can best be carried out by one of the methods discussed in 
§§ 6.6 and 13.2"13.3. It is desirable also to use a spectrograph that 
produces straight spectrum lines. A fairly large (.‘oncave grating in 
a Wadsworth stigmatic mount (§ 4.7) will be found especially flexible 
and convenient for analytical work. 

16.7. Selection of Lines for Quantitative Analysis—The Working 
Curve. If very low concentrations of a minor constituent are to be 
determined, it is usually necessary to use its ultimate lines for analyti¬ 
cal purposes. For higher concentrations, lines that lie in a more 
convenient region of the spectrum may be selected, but those lines 
should be chosen which have a straight-line working curve in the con¬ 
centration range which is of interest. Figure 16.2 contains a typi(*al 
working curve, in which the percentage concentration of a minor con¬ 
stituent is plotted logarithmically against the logarithm of the ratio 
of the intensity of one of its spectrum lines to that of a line of the 
matrix. At very low concentrations, all lines show a linear variation 
of intensity with the number of atoms present. This linear variation 
when plotted logarithmically gives a straight line having a slope of 
45 deg. At the lowest concentrations, theory can thus be used to 
check the actual course of the working curve. At higher concentra¬ 
tions, the values of which depend on the line under consideration, the 
concentrational sensitivity of the curve becomes less, and at very high 
concentrations an actual decrease in intensity with increasing con- 
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centration may arise from self-reversal. The working curve is then 
curved downward. 

Two spectrum lines should be used for a concentration determina¬ 
tion of a given element. One of these is a line of the element itself, 
chosen to give high, and if possible uniform, concentrational sensitivity 
so that the working curve will be a straight line with a 45-deg slope. 
The second line is one selected to lie as c‘lose in the spectrum to the 
first as possible, to simplify photometric problems; and similar in 
intensity to the first line, to simplify the comparison of their in¬ 
tensities. It may be a line of an element of the matrix material, of 
some impurity known to be present in the samples in constant 
amounts, or of an element especially added in constant amounts to 
all samples to furnish a spectrum line whose intensity remains as 
nearly constant as possible in all exposures. The purpose of this line 
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Fig. 16.2. Typical working curve, /o is the intensity of a spectrum line in the 
matrix and Ix that of a line due to the element under analysis. 

is to furnish a standard of comparison that will indicate any c*hanges 
in source or photometric conditions which might affect the intensities 
of lines of the working element. The intensities of the working and 
control lines should also vary similarly with excitation conditions. 
Thus if the working curve is plotted as a function of the intensity 
ratio of the unknown line to the control line, instead of the unknown 
line intensity alone, variations between unknown and standard spectra 
are to some extent nullified. Other functions can be plotted to give 
the working curve, but none are so convenient as those used in 
Fig. 16.^. 

16 . 8 . The Calibration Curve. If the working and control lines 
have about the same wavelength, which usually requires that they lie 
not more than 25 A from each other in the spectrum, the ratio of their 
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intensities can be determined from a sin^^le calibration curve (§ 13.2). 
If they have widely differing wavelengths, which is usually not the 
case, different calibration curves must be used for the two lines, and 
the methods of heterochromatic photometry are required (§ 13.4). 
Ordinarily, however, homochromatic photometry suffices for analyti¬ 
cal f)urposes, since a line of the matrix or of an added internal standard 
can almost always be found near a suitable line of a minor constituent. 

Even when a single calibration curve can be used for the two lines, 
it is not satisfactory, in general, to plot the working curve in terms 
of the densities of the two lines rather than the logarithms of their 
intensities, because the calibration curves are almost never linear. 
This procedure may sometimes }>e justified in special cases over a 
limited density range, but (!an be assumed a j)riori to be correct only 
when the densities of the two lines are ecpial. The latter is the basis 
of the length-of-line method discussed below (§ 10.13). 



T 
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Fig. 16.3. Spectrogram showing Pb lines at 2833 A in a dried sample of 

condensed milk. 

The methods of photographic photometry, discussed in Chapter 13, 
are so straightforward, and the necessary apparatus so readily avail¬ 
able, that there is little excuse for permitting photometric errors to 
influence the results of a quantitative analysis. They can quite 
readily be kept below 2 per cent, and errors due to nonhomogeneity of 
sample, variation of excitation and burning in the light source, and 
other errors of handling are usually found to be much greater. 

16.9. A Tjrpical Analysis. Every quantitative spectrographic 
analysis should be preceded by a qualitative analysis (Chapter 15). 
Only thus can a satisfactory appraisal be made of the matrix condi 
tions, of various constituents not of interest that might interfere with 
the determination of those which are of interest, and of the approxi- 
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mate concentration ranges of the elements of interest. A qualitative 
analysis will also give some indication of the most satisfactory excita¬ 
tion conditions to be used. 

We give as an example data 
obtained in the determination of 
lead in a sample of condensed 
milk. After a preliminary qual¬ 
itative analysis, 50 mg of spec- 
trographically pure graphite 
powder was placed in a porcelain 
evaporating dish known to have 
no lead contamination, and on 
this 50 mg of condensed milk 
was pipetted direct from the 
freshly opened can. The dish 
was covered loosely with a glass plate in such a way that condensed 
droplets of moisture would not fall back into the sample, and the 
esi!ape of steam was permitted. 

The dish was placed in an 
evaporating oven and heated 
slowly until all moisture had 
escaped; it was then baked at 
a temperature such that only 
charred residue in the graphite 
remained, care being taken to 
ensure that at no time was the 
temperature greater than the 
boiling point of lead or of any 
lead salts that might be 
formed. The ash-graphite mix¬ 
ture was then placed in an agate mortar, (‘arefully ground to a fine 
powder, and thoroughly mixed. Ten milligrams of the resulting pow¬ 
der was theq packed into the cup of a preburned graphite electrode 
of |-in. diameter with a J-in. hole drilled in its end to a depth of | in. 
This electrode was made the positive terminal of an electric arc, and 
was burned at 5 amp against a negative electrode consisting of a 
j-in. diameter pencil of pure graphite. The spectra shown in Fig. 16.3 
were obtained with a Hilger Littrow quartz spectrograph, using 60-sec 
exposures. The plate was measured on a densitometer; the cali*' 
bration and working curves obtained are shown in Figs. 16.4 and 16.5. 
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Fig. 16.5. Working curve for Pb analysis. 



Fig. 16.4. Calibration curve for analysis 
at X = 2833 (Pb line). 
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Many typical analyses involving samples of different tyi)es will be 
found described in the literature (see General References 16.1-16.7). 

SPECIAL METHODS 

The basic method described in the preceding sections was gradually 
evolved between 1890 and 1940 and is subject to many variations. 
Such investigators as dc Gramont^ worked for many years to develop 
methods that ^^ould he suffic iently reproducible to give quantitative 
results. Because of the large number of variables that govern the 
intensity of the spectrum lines produced by a given quantity of mate¬ 
rial, many investigators thought it impossible to gauge accurately 
the quantity of a substanc-e in a mixture by means of its spectrum. 
Early workers suggested four different methods for measuring the 
quantity of an imi)urity present: (1) the length of the lines produced 
in a spark, higher concentrations producing lines which extended 
further from the electrode;^ (^) the number of the lines of an element 
that appeared on the plate, only the ultimate lines remaining when 
the concentration was below certain limits ;^ (3) the intensities of the 
lines; and (4) the time taken for disap})earance of the lines of a 
volatile element as it was burned out of the arc. Any of these 
methods can be used qualitatively, but only the third has been 
developed to give precise quantitative results. 

Much of the credit for the development of satisfactory methods of 
quantitative analysis should go to de Grarnont,^ who spent years 
convincing his colleagues that the method could be made reproducible. 
Work in America was given an impetus in by a classical paper by 
Meggers, Kiess, and Stimson,^ entitled “Quantitative Spectroscopic 
Analysis of Materials.” This outlined a straightforward method of 
comparison of samples, relying on constancy of excitation conditions. 
The next major step forward resulted from the work of Gerlach and 
Schweitzer,^® who introduced the method of internal standards and 

«A. de Gramont, Compt. Rend., 144, 1101 (1907); ibid., 159, 6 (1914) ; ibid., 171, 
1106 (1920); Rev. Met., 19, 90 (1922). 

7 J. N. Lockyer, Phil. Tran.>f. (London) (1), 163, 258 (1878); ibid., 164, 479 (1874); 
J. N. Lockyer and W. C. Roberts, ibid., 164, 495 (1874); A. Occhialini, Rcndicovti 
R. Accad. Lincei, 9, 578 (1929). 

* W. N. Hartley, Phil. Tran.s. (London) (1), 175, 50 (1884); A. G. Leonard and 
P. Whelan, Proc. Roy. Soc. Dublin {N.S.), 11, 23 (1908), 

® W. F. Meggers, C. C. Kiess, and F. S. Stimson, Nat. Bur. Standards Set. Paper 
444 (1922). 

W. Gerlach and E. Schweitzer. General Reference 16.3. 
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the concepts of homologous pairs and fixation pairs. This method, 
though now seldom used in the form envisioned by its authors, has 
made a very definite contribution to the basic method. 

16 . 10 . The Method of Internal Standards. Gerlach and Schwei¬ 
tzer developed this method in an attempt to avoid the necessity of 
maintaining a group of standard samples containing known concen¬ 
trations of impurities. They sought a method in which the compari¬ 
son with standard samples of a given element-matrix combination 
could be done once and for all in a single laboratory, so that from 
published lists anyone could determine concentrations by merely 
inatc'hing the relative intensities of constituent and matrix lines, 
called homologous pairs. Since the intensities of the lines of a major 
constituent of the matrix do not vary greatly with concentration, 
whereas those of the minor (constituents do vary greatly, it should be 
possible to select strong lines of the minor (‘onstituent that at low 
concentrations will be ecjual in intensity to weak lines of th(‘ matrix. 
Equality of intensity would be indicated by equality of density on 
the plate. Gerlach and Schweitzer found that the equfility of inten¬ 
sity of such a pair of lines would be maintained under widely varying 
conditions of excitation. 

K second concept introduced by Gerlach and Schweitzer was that 
of \\\e fixation pair^ another pair of lines of the matrix selected so as 
to be equal in intensity under the excitation conditions used but 
extremely sensitive in intensity ratio to variations of excitation 
conditions. Thus these lines ccould be used to indicate the attain¬ 
ment of correct excitation conditions. 

Many variants of the Gerlach and Schweitzer method have been 
descril>ed, but of these the principal contribution that remains in the 
basic method is the pro(‘edure of producing the working curve by 
using the intensity ratio of a pair of lines of the minor constituent and 
matrix rather than the intensity of the former line. Pairs of lines are 
seldom used today either as homologous or fixation pairs, since more 
direct methods of determination are available. 

The advantages of the method of homologous pairs are that it 
furnishes a null method of photometry, sinc‘e it is easy to judge when 
the densities of a pair of lines are equal, and that it avoids the neces¬ 
sity of preparation of standard samples whenever an analysis is to be 
made. Its great disadvantage is that it is largely a theoreti(‘al 
method, since it makes the assumption that matching of the fixation 
and homologous pairs has been carried out with a fairly small number 
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of spectrograms, whereas in the case of an actual analysis a great 
many spectrograms are likely to be required before satisfactory 
matching is obtained. 

Gerlach and Schweitzer’s greatest contribution is the method of 
internal standards, involving use of a line of the matrix or an added 
material as a control in the basic method. 

16.11. Methods for High Concentrations. The upper limit of 
concentration at which ordinary methods of quantitative spectro- 
graj)hic analysis be(!ome uncertain is usually given as 5 per cent, 
though in some cases 10 per cent concentration can be reached when 
only one variable element is involved. In certain cases great c*are 
must })e taken when even 1 per cent of varia})le material is exceeded, 
for example when alkali metals or other elements an* involved which 
have ionization potentials widely different from that of the matrix 
material. Two special methods are available, however, that can be 
used to make analyses at any concentration. They are not very 
prec'ise but have the advantage of simplicity. 

Barratt^^ made use of the fact that a working (*urve of a sort can 
be established with a series of samples of known concentrations over 
the entire range of 1 to lOO per cent. Ilis method is of value when 
only one (component of a system is being varied. Like other high- 
concentration methods, it suff*(*rs in comparison with wet gravimetric 
methods, whose precision increases with the concentration of material 
available, whereas that of the spectrographic method remains essen¬ 
tially constant at all concentrations. 

The Barratt method, which (!an be used either photographically or 
visually, rests on the measurement of the relative intensities of a 
spectrum line produced by two different sources, using a standard 
sj)ecimcn in one sour(‘e and a specimen of the substance to be analyzed 
in the other. Even at such high concentrations as 50 per (‘ent, a 
definite relationship exists between the ratios of the quantities of the 
elements in the specimens and the relative intensities of their spectrum 
lines if proper lines are chosen. However, this relationship is by no 
means the simple one that holds at low concentrations, and it is 
necessary to use exactly similar conditions of excitation for the two 
sources. Particular care must be taken in selecting lines to avoid 
errors due to self-reversal and to excitation differences. A series of 
alloys or mixtures must be prepared for use in the standard exposures, 
but once these have been obtained, interpolation is not difficult. 


See General Reference 16.1, page 169. 
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Barratt^s apparatus consists of a spark gap having two sparks in 
series, with means for adjusting the sparks to equal lengths. Light 
from these two sources is, sent through a polarizing head that is used 
to decrease the intensity of one beam relative to the other, and then 
through a visual spectroscope or a spectrograph. A working cmrve 
similar to that shown in Fig. 16.6 is set up by measuring with the 
instrument, for a number of standard samples, the intensity ratios of 
lines from the two sources. From this curve one can determine the 



Fig. 16.6. Working curve obtained with the Barratt method. Ix is the inten¬ 
sity of a line in the unknown element observed in one spark gap, and /o is the 
intensity of the same line from a standard sample observed simultaneously in 
the other spark gap. 

percentage composition of an unknown sample excited in the spark. 
To obtain precise results, it is necessary to provide means whereby 
the substance to be examined can be made to produce radiation that 
is truly representative of its condition; production of such radiation is 
often diflBcult. The precision claimed is about 5 per cent of the 
quantity of material present. 

A second method of measuring high concentrations involves dilu> 
tion, so that high concentrations become low. If we have samples 
containing about 20 per cent of cadmium in zinc, we can introduce 
this cadmium-zinc alloy as an impurity in a new matrix of grai)hite 
powder, into some metal such as zinc or copper, or into a speetro- 
graphically neutral salt such as ammonium sulfate. The concentra¬ 
tion of the zinc having been reduced from 20 per cent to, say, 0.2 per 
cent by a dilution factor of 100, zinc is now determined in the or¬ 
dinary way. The limitation on this method is that in diluting the 
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sample we also dilute the precision of the results. For this reason, 
chemical wet methods are usually found more precise than spectro- 
graphic methods on concentrations greater than 5 per cent. 

16.12. Methods for Extremely Low Concentrations. Quantita¬ 
tive spectrographic; analyses can be carried out at any concentration 
at which qualitative analyses can be made, the ultimate lines being 
used at the lowest concentrations. The table of sensitivity limits 
given in § 15.1 lists the lowest concentrations that have been obtained 
in quantitative spectrographic analyses for the various elements. As 
pointed out there, it is often possible, by giving attention to certain 
factors, to extend sensitivity limits in a given case by several orders 
of magnitude below those obtained in ordinary analyses. 

If, for example, one is interested in the determination of boron in 
steel, burning in the ordinary arc of a small chunk of steel will make 
possible a determination of boron in con(‘entrations down to perhaps 
1 part in lO'". It has been possible to make analyses down to concen¬ 
trations of a few parts in 10*^ by (a) more efficient feeding of the boron 
from the sample into the ex<*itation stream; (b) using the method of 
fractional distillation discussed in (Chapter 15; (c) introducing a 
carrier as described by Scribner and Mullin’- (§ 15.6); (d) selecting 
proper cx(*itation conditions in the source to bring out the lines of 
l)oroii and make them more sensitive; (e) (converting the boron in tlie 
source into a form more likely to be volatilized at the proper part of 
the burning cycle, a.s revealed by a moving-plate study (§ 15.6); and 
(f) using a spectrograph with such high resolution that the back- 
ground does not encroach rapidly on the line (§ 15.6). Most of the 
methods of increasing sensitivity discussed in Chapter 15 were, in 
fact, originally developed for use in quantitative analysis at very low 
ccmcentrations. 

16.13. High-precision, Rapid, and Short-cut Methods. When 
truly repre^sentative homogeneous samples are prepared, spectro¬ 
graphic analyses can be carried out with a precision of -±5 per cent 
of the minor constituent, from about 5 per cent concentration down 
to the lowest concentrations determinable. However, special atten¬ 
tion, particularly to the preparation of the sami)le, the constancy of 
excitation conditions, and the accuracy of the photographic photom¬ 
etry, will result in increased precision. Probably the greatest uni¬ 
formity claimed by any set of workers is that described by Duffendack 


B. F. Scribner and H. ll. Mullin, Jour, Res. Nat. Bur. Standards, 37, 369 (1946). 
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and his collaborators, in which reproducibility to 1.4 per cent was 
found in a long series of measurements made under carefully con¬ 
trolled conditions. 

When the highest precision is not required, analyses can be made 
quickly by using the length-of-line method of photometry, described 
in § 13.11, thus avoiding the necessity of using a densitometer. A 
rotating disk with logarithmic opening is used, and the length of a 
line is then a measure of the logarithm of its intensity. Lines of a 
pair being compared usually lie close together in the spectrum. 
Since the length of each of the two lines is proportional to the loga¬ 
rithm of its intensity, the difference in their lengths is a direct measure 

of the difference in the loga¬ 
rithms of their intensity values. 
This difference equals the loga¬ 
rithm of the intensity ratio of the 
two lines, which is plotted as one 
of the variables in the working 
curve. Thus in plotting the curve 
it is possible to use directly the 
difference in position of the end 
points of the two lines, as mea¬ 
sured in Fig. 16.7. This method 
should not be used where preci¬ 
sion greater than it 10 per cent is desired. The limitations on precision 
arise from the diflSculty of determining the end point of a line. Meth¬ 
ods of etching and copying have been suggested for sharpening this 
end point, but all share the basic diflBculty that the end point is al¬ 
ways determined on a portion of the calibration curve of the plate that 
has very small slope, and therefore its location is actually indefinite. 

Fagioli^^ designed an attachment for a reading comparator that 
splits the field of view into two sections parallel to the spectrum lines, 
these sections being movable relative to one another. The field is 
split by putting two glass plates 4 mm thick between the objective and 
the plate, with an arrangement for tilting these symmetrically in 
opposite directions by means of a handle. By this means the two 
lines can be put side by side in such a position that their densities 
match all along their lengths, and the motion necessary to accom¬ 
plish this matching is a measure of their intensity ratio. 



Fig. 16.7. Determination of inten¬ 
sity ratio of two lines by the difference 
in their lengths obtained with a 
logarithmic sector. 


1*0. Fagioli, Nuovo Cimento, 13, 11 (1936). 
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In much analytical work, semiquantitative results are sufGciently 
precise, and direct eye comj)arison of spectrunj lines can often be 
made to give useful values. The densities of the lines used to produce 
the working curve can be judged, and the intensities of the correspond¬ 
ing lines in the samples to be determined can be quickly assigned to 
locations l)etween two known densities. In this way, after some 
experience, it is possible to make a surprisingly accurate interpolation 
that may well come within db25 per cent of the amount of material 
present. The lines must be photographed under controlled con¬ 
ditions, however. 

16.14. Methods for Special Elements. When analyses for ele¬ 
ments not ordinarily considered susceptible to spectrochemical 
analyses must be made spectrographically, special methods must be 
used. The methods of preparation and excitation required are 
similar to those discussed in § 15.7, but the prime need is careful 
consideration of the theoretical basis of the controlled excitation of 
atoms to emit radiation.The primary problem involved in working 
quantitatively with such trace elements as sulfur or chlorine is the 
production under controllable* conditions of spectrum lines at the 
concentrations desired. 

16.15. Photoelectric Methods of Analysis. Increasing use of 
spectrochemical methods in industry has caused much attention to 
be given to the dev^eloprnent of more rapid methods than those 
involving photography. Sawyer and his collaborators,^^ in addition 
to improving the precision of the analytical process, have done much 
to speed it up by shortening the time of plate processing and in other 
ways. To l)ring still closer the day of the automatic analytical 
recorder, photoelectric methods of photometry have been applied to 
problems of quantitative analysis (see § 12.17). 

The application of the (leiger-Muller counter to spectrochemical 
analysis has been investigated by Duffendack and Morris,^^ by 
Hanau and Wolfe,’’' and by Nahstoll and Bryan.’’’ Many workers have 

W. F. Meggers, Jour, Opt. Sor. Am,y 31, (1941); G. II, Harrison, Metals (uid 

AlloySy Nov. 19S(i. 

^ H. B. Vincent and R. A. Sawyer, Mefal Progress, 36, (1939); Jour. Opt. Soe. 

Am., 32, 980 (194!^); R. A. Sawyer and H. B. Vincent, Jour. Opt. Soc. Am., 31, 47 
(1941); H. II. Grossman, R. A. Sawyer, and II. B. Vincent, ibid., 33, 185 (1943). 

^*0. S. Duffendack and W. E. Morris, Jour. Opt. Soc. Am., 32, 8 (1942). 

17 R. Hanau and R. A. Wolfe, Jour. Opt. Soc. Am., 37, 989 (1947); ibid., 38, 377 
(1048). 

G. A. Nah.stoll and F. R. Bryan, ibid., 37, 990 (lO'iT';. 
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investigated the use of photocells and amplifiers, and photomulti¬ 
pliers, in the direct measurement of the intensities of strong spectrum 
lines. Dieke and Crosswhite have described the adaptation of a large 
grating spectrograph in a Wadsworth mounting to photoelectric 
measurement of emission spectra, as discussed in § 12.17. 


Verticol 

deflection 


Fe Cu 


Mn Cr 


Fe Cu Mn Cr 


(a) 


(b) 


Vertical 

deflection 


Fe Cu Mn Cr Fc Cu Mn Cr 

(c) (d) 

Fig. 16.8. Oscilloscope patterns obtained by Dieke and Crosswhite in the 
analysis of steel samples for copper, manganese, and chromium. A weak iron 
line serves as a reference, (a) Pattern for electrolytic iron, (b) Chrome-mo¬ 
lybdenum steel: Cu, 0.06%; Mn, 0.65%; Cr, 0.91%. (c) Manganese steel: 

Cu, 0.12%; Mn, 1.4%; Cr, 18%. (d) Stainless steel: Cu, 0.59%; Mn, 4.1%; 

Cr, 20%. 

Dieke and Crosswhite have also described a photoelectric method 
of spectrochemical analysis in which an oscilloscope is used as the 
indicating device, with a 931 A or 1P28 RCA photomultiplier tube 
placed at each spectrum line to be measured. Sensitivity was found 
ample for reasonably strong lines. In analyzing a steel sample for 
copper, manganese, and chromium, for example, suitable strong lines 


G. H. Dieke and H. M. Crosswhite, Jour. Opt. Soc. Am., 36, 192 (1946). 
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of each element were selected, together with an iron line to serve as 
control line. A rotating switch was used to connect the output of 
each tube successively to the oscilloscope for 0.4 sec. The time scale 
of the oscilloscope was synchronized with a rotating switch so that 
the repeated traces of each line always fell on the screen in the same 
position. A small condenser was inserted in the circuit to increase 
the time constant, thus eliminating the influence of short-period 
fluctuations. Any changes in light intensity caused the whole pattern 
to fluctuate up and down on the screen, so the traces were evaluated 
in terms of the deflections for the iron line. The patterns obtained 
with four different steel samples by Dieke and 
Crosswhite are shown in Fig. 16.8. 

In a second method introduced by Dieke 
and Crosswhite^® they caused the iron line to 
produce a hoi izontal deflection and the other 
lines vertical deflections on the oscilloscope. 

Traces were then obtained as shown in Fig. 

16.9. In these the slope of each line gives a 
measure of the concentration of the cor¬ 
responding material. A suitable transparent 
scale can be attached to the screen to make 
direct quantitative determinations possible. 

A photoelectric spectrometer with auxiliary 
equipment to integrate the photocurrents pro¬ 
duced by spectrum lines, designated the 
Quantorneter, has been described by Ilasler and Dietert.^^^ Commer¬ 
cial instruments of this sort are furnished by the Applied Research 
Laboratories. In this instrument, which is basically a small grating 
spectrograph, up to 12 electron-multiplier tubes are employed to 
detect the appropriate spectrum lines for the various elements to be 
determined. While the sample is burned in the source the photo¬ 
currents generated in the various multipliers arc amplified and then 
in effect used to drive small motors attached to mechanical counters. 
The source is kept in operation until the counter operated by the 
photocurrent from the “standard” or control line reaches a preset 
reading. The readings of the counters attached to the other tubes 
then correspond to the percentages of the various elements being 
measured. Various parts of the Quantorneter are shown in Fig. 16.10. 


Cu 

Mn 


Fig. 16.Q. Oscillo¬ 
scope pattern obtained 
with standard element 
on horizontal axis and 
unknown elements (Cu, 
Mn) on vertical axis. 
An AC source is used. 
The sample is the same 
as that used in produc¬ 
ing Fig. 16.8b. 


M. F. Ha.sler and H. W. Dietert, Jour, Opt. Soc. Ain.^ 34, 751 (1^44). 
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Another direct-reading spectrochernical installation, which is 
manufactured commercially by Baird Associates, has been described 
by Saunderson, Caldepourt, and Peterson.^^ A 2-meter concave 
grating in an Eagle mounting is used, and electron multiplier photo¬ 
tubes are mounted behind appropriate exit slits in the focal plane to 
measure the intensity of a spectral line from each element being 
determined. The currents from the multiplier phototubes are col- 



Fig. 16.10. The Applied Research Laboratories’ Quantometer. 


lected in condensers, which are then discharged through resistors 
whenever they reach a certain voltage. The number of discharges 
occurring during a controlled period of operation is made to operate 
a “clock"’ for each element, which is calibrated directly in percentage 
concentration. 

Although such devices give analytical results very quickly and are 
suflRciently precise for most purposes, their complexity and cost make 


J. L. Saunderson, V. J. Galdecourt, and E. W. Peterson, Jour. Opt Soc, Am,, 35, 
681 (1945); R. O’B. Carpenter, E. DuBois, and J. Sterner, ibid., 37, 707 (1947). 
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them of value principally in large installations, as in foundries, where 
thousands of analyses must be made per week. Development of the 
iconoscope or the image dissector tube to the point of usefulness for 
precision measurements may make possible recording analytical 
installations that do not require the complexity of an additional 
pholotube and circuit for each spectrum line studied. 
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CHAPTER 17 


Spectroscopy of the Infrared Region 


The infrared region of the spectrum may be taken to include 
the wavelength range from 0.75 /x to about 1 mm and may be sub¬ 
divided, on the basis of the instrumental techniques appropriate to 
each subdivision, into the photoelectric infrared, the near infrared, 
and the far infrared. 

The photoelectric infrared covers the approximate range 0.75 to 
3 ju. Tlie lower boundary is set by the wavelength-sensitivity curve 
of the human eye. Except for use of the eye, radiation of the these 
long wavelengths can be detected and measured in the same way as 
visible radiation, and the use of spectrographs suitable for the visil)l(^ 
region, both prism and grating, can be extended well into the photo¬ 
electric infrared. Photographic emulsions and photoelectric cells 
can be made with a usable sensitivity over much of the region. At 
the longer wavelengths, however, photoelectric processes—including 
that of the photographic emulsion—begin to lose their sensitivity. 
Not far beyond 3 the detection of radiation is best accomplished 
through its heating effect, and spectrometric techniques are modified 
accordingly. 

The near infrared might be called the “prism infrared,” because 
prism materials transparent to the region are readily obtainable. 
Most near infrared spectrometers have prism optics, though gratings 
are also used occasionally. The long wavelength limit to the near 
infrared is set by the transmission of readily obtainable prism mate- 
rials and lies at about 25 g, where the absorption of potassium bromide 
gets prohibitively large. To be sure, materials are known that are 
transparent beyond 25 /x, but for reasons discussed later, the reflection 
grating is usually preferred at these wavelengths. 

The far infrared extends from 25 /x to the ill-defined borderland 
between the infrared and microwaves (radar waves) in the neighbor¬ 
hood of 1 mm. Throughout the far infrared the most generally used 
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dispersing element is the echelette grating, that is, a grating whose lines 
have been so ruled that radiation of a given wavelength is largely 
concentrated in one order (see §2.5). Other techniques such as 
residual rays may be applied in special cases. Far infrared radiation, 
in default of more sensitive methods; must be detected by its heating 
effect. Because the energy of infrared sources is greatly reduced in 
the far infrared and the problem of extraneous radiation is much more 
acute, the precautions required to obtain accurate radiation measure¬ 
ments are more elaborate than those used at shorter wavelengths. 

It is an interesting coincidence that this subdivision of the infrared 
agrees in a general way with the division of molecular energy levels 
into electronic, vibrational, and rotational levels, as discussed in 
(^hapter 11. The lower electronic levels and a few higher vibrational 
overtones lie in the photoelectric infrared, most vibrational funda¬ 
mentals lie in the near infrared, and the frequencies of molecular 
rotation lie in the far infrared. The fact that there is no natural 
boundary for atomic or molecular energy levels in the 0.75 g region 
emphasizes the artificiality of segregating the photoelectric infrared 
from the visible portion of the spectrum. The ensuing discussion of 
the techniques of infrared spectroscopy will be concerned only with 
the near and far infrared, the techniques of the photoelectric infrared 
being more closely similar to tho.se considered in previous chai)ters. 

17.1. Radiation Sources and Filters for Infrared Spectroscopy* 
All but a small fraction of infrared spectroscopic studies are concerned 
with absorption spectra, for which a source of continuous infrared 
radiation is needed. Incandescent solid bodies at temperatures of 
1000 to 1500°C meet this requirement best. Such bodies emit radia¬ 
tion roughly in accordance with the Planck blackbody equation (see 
Chapter 8) and therefore emit radiation throughout the infrared. 
The fact that the Intensity of the radiation varies somewhat rapidly 
with wavelength is an inconvenience, especially at the longer wave¬ 
lengths. When quasi-monochroraatic radiation is wanted, the easiest 
procedure usually is to select the desired wavelengths from the 
continuum of an incandescent source. Among the many devices 
that have been used for this purpose are selective filters, selective 
reflectors and focal isolation. 

A wide variety of substances have been used for infrared filters. 
Powder filters, as described by Pfund,^ and Christiansen filters^ 


1 A. H. Pfnnd, Phys. Rev., 36, 71 (1930); Jour. Opt. Soc. Am., 23, 375 (1933). 

2 R. B. Barnes and L. (T Bonner, Phys. Rev., 49, 73!2 (1936). 
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(§ 14.30) are particularly flexible with respect to the wavelength 
ranges to which they are applicable. Soot-blackened paper is some¬ 
times used for its transmissivity at long waves and opacity in the 
near infrared region. In general, filters are more valuable for the 
elimination of undesired radiation, especially short-wave radiation, 
than for the isolation of a narrow range of wavelengths. 

It has been known for many years'^ that crystals possess reflecting 
powers approaching those of metals at characteristic wavelengths in 
the infrared region. For any given crystal the high reflectivity is 
confined to one or two narrow characteristic bands in the spectrum. 
Radiation corresponding to these bands can be isolated from a con¬ 
tinuous source by the successive reflection of the continuous radiation 
from plane surfaces of the crystal.'* Because the reflectivity of a 
crystal at other than the characteristic wavelengths is very small, 
three or four successive reflections leave a residue of only the charac¬ 
teristic wavelengths, whence the name reddual rays, 

A selective reflector of a different type has been suggested by 
White.^ The reflector makes use of the fact that a plane grating gives 
specular reflection of wavelengths longer by a fa(?tor of roughly 1.5 
than the grating spacing, and disperses shorter wavelengths at angles 
considerably different from the specular. Such a grating can thus 
be used as a selective “cutoff” reflector, the cutoff wavelength being 
about 1.5 times the grating space. Echelette gratings are usually 
employed for this purpose because they put very little short-wave 
radiation into the specularly-reflected central image. This type of 
filter, for which replica gratings are quite suitable, has been success¬ 
fully applied to the reduction of scattered radiation in infrared 
spectrometers. Reduction by as much as a factor of 10 has been 
realized with one filter, and with several in series the possibilities are 
even more favorable (compare Figs. 5 and 10 given by White®). 

Another ingenious method for selecting a narrow range of wave¬ 
lengths in the far infrared makes use of the transparency of quartz 
beyond 50 g. The refractive indices of quartz below 8 g and above 
30 g are so markedly different (for example, 1.5 at 3 g, 1.4 at 5 g, and 
varying from 2.13 at 33 g to 1.94 at 300 g) that the conjugate foci 
of a quartz lens have greatly differing values for the near and the far 


* E. F. Nichols, Wiedemanns Annalen^ 60, 401 (1897). 

* See, for example, General Reference 17.5, page 383. 

® J. IJ. White, Jour. Opt. Soc. Am., 37, 713 (1947); replica grating filters may be 
purchased from the Perkin-Elmer Corp., Glenbrook, Conn. 
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infrared. By placing a small source rich in far infrared radiation at 
one conjugate focus for a lens of assumed index 2.2 and an opaque 
screen at the other conjugate focus, Kubcns and Wood were al)le to 
bring the long waves to a focus at the screen, while the short waves 
were not convergent. Perforation of the screen at the focal point 
allowed the passage of the focused radiation, after whi(;h its approxi¬ 
mate wavelength was measured interferometrii^ally to be about 107 fx< 
Phis procedure of ‘Tocal isolation'" would appear to be useful for study 
of the borderland between infrared and microwaves, particularly 
with lenses of other materials in addition to quartz. 

The two most commonly used infrared sources are the Nernst 
glower and the Globar, but occasionally other sources have some 
special applicability. The Welsbach lamp and a quartz-jacketed 
high-pressure mercury arc have been used in the region beyond 50 ju. 
In the photoelectric infrared it is occasionally of advantage to utilize 
a tungsten filament lamp as a source, though necessarily within the 
region over which the envelope is transparent. 

The Nernst glower (§ 8.8) was originally developed by its inventor 
as an incandescent light. It is an excellent infrared source because 
of its high emissivity and its simplicity of construction and of opera¬ 
tion. The glower consists of a filament prepared ^ by sintering a 
finely powdered mixture of various oxides, particularly those of 
zirconium, thorium, and cerium, held together with a binder. The 
filament is maintained at incandescemre electrically, for which purpose 
platinum leads are attached to it with appropriate sealing techniques 
When the filament is operated at a temperature above 1500®C, its 
emission curve resembles that of a blackbody fairly closely. At lower 
temi>eratures, the short-wave end of the emission curve is quite 
irregular because of the selective emission of the metallic oxides. 

The filament of the Nernst glower has a large negative temperature 
coefficient of electrical resistance and is customarily heated by flame 
or other external means to lower its resistance at the start of operation. 
At a temperature of several hundred degrees centigrade, this resistance 
is low enough to pass sufficient current at the operating voltage to 
bring the lamp to incandescence. It is then necessary to ballast the 
lamp by a voltage regulator or series resistance to keep it from burning 


® General Reference 17.6, page 5^23. 

^ H. 1). Griffith, Phil. Mag. (6) 50, 263 (1925); R. A. Friedel and A. G. Sharkey, Jr., 
Rev. ScL last., 18, 928 (1947). 
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out. Typical operating data for a Nernst filament used as an infrared 
source are shown in Table 17.1. 


TABLE 17.1 

Data on Nkrnst Glower and Globar Infrared Sources 


Specifications 

Nernst lamp 

Globar 

Length of element, wntimeters 

id-5 

5-10 

Diameter of element, millimeters 

1.5 

6 

Operating potential drop, volts 

.\bout 100 

50-60 

Current, am{)eres 


3-5 

Power, watts 

20-.50 

150-250 

Approximate temperature, °C 

1600-1700 

1200 

Wavelength of radiation peak, microns 

1 

1.4 

1 

1.8 


Tlie Globar (§8.8) is a rod of carborundum (silicon carbide). Its 
temperature coefficient of electrical resistance is negative but rather 
small. It conducts sufficiently in the rod sizes customarily used as 
infrared sources to require no external preheating. Ballasting is not 
necessary with a Globar to prevent its burning out, but some sort of 
voltage regulation is desirable to maintain constancy of radiation. 
The Globar surface is very rough, which accounts in part for the 
excellence of its radiance. The attachment of electrical leads to the 
Globar is not a critical problem because of its ruggedness. Usually 
the ends of the rod are metallized and fitted into metallic sockets 
which serve as electrodes. Operating data are shown in Table 17.1. 

The choice between the Nernst glower and Globar as an infrared 
source depends on the spectral region in which radiation is wanted. * 
The advantages of the Nernst glower are its low operating wattage 
and high intensity in the short-wave region. The Globar is more 
useful at longer wavelengths (> 10 g), where it has considerably more 
energy relative to its short wavelength peak than the Nernst glower. 
The latter is physically smaller, and an enlarged image of it may be 
needed to fill completely the slits of a spectrometer, especially when 
these are opened wide at the longer wavelengths. The large amount 
of heat dissipated by the Globar usually necessitates a water-cooling 
arrangement. 

* The Globar is made by the Carborundum Corporation, Niagara Falls, N. Y. 
The Nernst glower can be obtained from the Stvipakoff Ceramic and Manufacturing 
Company, Latrobe, Pa., or from National Technical Laboratories, South Pasadena, 
Calif. 
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17.2. Prism Spectrometers for the Infrared. The optics of both 
prism and grating infrared spectrometers are fundamentally the same 
as those of spectrometers desc^ribed in (chapters 3 and 4. However, 
all infrared spectrometers are monochromators and all use mirror 
optics. The monochromator arrangement is dictated by the nature 
of infrared detectors, and mirror optics by the opacity of glass in the 
infrared and the wide spectral range to be covered, which makes it 
infeasible to construct suitable lenses of any material whatever. 

Prism instruments are the most widely used. They are quite 
satisfactory in the near infrared, are relatively simple to o{)erate, and 
when well designed give adequate resolving power for most purposes, 
(irating instruments must be used in the far infrared because of the 
lack of suitable prism materials. They have the advantage of high 
resolving power and are used in the near infrared when high resolution 
is essential. Some of the complications inherent in grating instru¬ 
ments are considered below. 

Table 17.^ shows the wavelength ranges over which various prism 
materials are reasonably transparent. Rock salt is the most widely 
used of these. It is transparent to about 15 but below 5 pl its 


TARLE 17.a 

Infrared Prism and Window Materials 


Material 

Region of usable 
transparency 
(prisms) 

Wavelength of 
residual rays, 
microns 

Glass 

Up to 2..V 


Quartz 


9; 21 

Lithium fluoride 

Am 

20 

("alciiim fluoride (fluorite) 


33 

Sodium chloride (rock salt) 

15m 

52 

Potassium chloride (sylvine) 

21m 

63 

Potassium bromide 


82 

Silver chloride* 

28m 


Thallium bromoiodide (KRS-5) 

4()m 

120 


* Windows only. 


dispersion is poor, and other prism materials must be used if the best 
performance of a prism instrument is to be obtained at the short 
wavelengths. Fluorite and lithium fluoride are excellent here. For 
the range from 15 to ^5 g, potassium bromide is suitable, and from 



478 SPECTROSCOPY OF TtlE INFR/VilEO REGION [§17.2 

25 to 40 fXy thallium bromoiodide.® All these materials are commer¬ 
cially available in blanks for window or prism fabrication.* 

The traversal of the infrared spectrum by a prism monochromator 
is ficcomplished by the rotation of the dispersing element in such a 
way that the dispersed wavelengths are brought successively to a 
focus at the exit slit. The two most widely used optical arrangements 
for this purpose are the Wadsworth and the Littrow mountings (see 
Chapter 3). In the Wadsworth mounting, the prism and the plane 
mirror, the latter usually lying in such a position as to constitute an 
extension of the prism base, are rotated together about a vertical axis 
through the center of the prism base. Under these conditions the 
angular deviation of a monochromatic beam traversing the prism at 
minimum deviation is exactly nullified by reflection from the mirror, 
although lateral displacement and inversion of the l>eam result. The 
lateral displacement, which is equal to the length of the prism edge 
for a 60-deg prism, is practically independent of the wavelength. 
Accordingly, when optical arrangements have been made for radiation 
of one wavelength to traverse the prism at minimum deviation and 
come to a focus at the exit slit, the whole spectral range of the prism 
may be scanned at minimum deviation merely by rotation of the 
prism-mirror combination about the above-mentioned axis. 

In the Littrow mounting, the plane mirror is placed roughly normal 
to the dispersed beam emerging from the prism. For one particular 
wavelength, which varies of course with the orientation of the mirror, 
the emergent beam is reflected exactly upon itself and retraces its path 
through the prism. The return paths of slightly longer and shorter 
waves, however, differ from their initial paths, and consequently 
further dispersion occurs. The spectrum may be scanned simply by 
rotation of the Littrow mirror about a vertical axis. If the prism 
remains fixed with respect to the incoming beam, however, only one 
wavelength passes through the prism at minimum deviation. 

The two chief advantages of the Littrow mounting are the doubled 
dispersion obtained from a given prism train, and the compactness 
and economy that result from the use of the same concave mirror as 
a collimator and as a focusing mirror. To illustrate the latter point, 
several optical systems frequently used in infrared spectrometers are 

*0. F. Tuttle and P, H. Egle, Jour, Chem, Phys., 14, 571 (194(01 E. K. Plyler, 
Jour. Chem. Phys.^ 15, 885 (1947). 

^Purchasable from the Harshaw Chemical Company, Cleveland, Ohio, or from the 
Optavac Company, 112 Bickford Street, Boston 30, Mass. 
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shown in Fig. 17,1. Figure 17.1a shows an arrangement using the 
Wadsworth mounting. Su *^2 are the entrance and exit slits; C\ the 
collimating mirror; F, the focusing mirror; and P, and A, re¬ 
spectively, the prism, plane mirror, and axis of rotation (perpendicular 
to the plane of the sketch) of the Wadsworth system. C and F can 
he either spherical or off-axis parabolic mirrors. Parabolic mirrors 
avoid astigmatism and spherical aberration but are more difficult to 
make than the sjdierical. It is to he noted that two are required. 

Figure 17.1b depicts a widely used form of the Littrow mounting 
in which the double-duty mirror OP is an off-axis paraboloid. The 
beam returning from the Littrow mirror Ml is indicated by dotted 
lines, which show that the return beam is made to deviate slightly 
from the initial path. With the help of a small plane mirror, A/ 2 , 
the return beam is deflected just before it reaches the entrance slit, 
81 , and instead is brought to a focus at the exit slit, 82 . The spectrum 
is scanned by rotation of Ml about a vertical axis at A. 

When an on-axis paraboloid is used in the Littrow arrangement, 
the rather large angle between the collimated beam and the beam 
from the slit 81 results in considerable astigmatism. An ingenious 
variant (Fig. 17.1c) of the Littrow scheme was suggested by Pfund ® 
to avoid astigmatism from an on-axis paraboloid. The essential 
feature is the Pfund mirror, Mp, a plane mirror with a small central 
hole. This mirror is placed immediately behind the entrance and 
exit slits, Si and 82 , which are located respectively just above and 
just below the optic axis, OAy of the on-axis paraboloid mirror C. 
OA passes through the center of the small hole in the hole being 
large enough so that the entering beam diverging from 81 and the 
return beam focused on 82 have free passage. The two beams are 
not shown separately, since their projections upon the plane of the 
drawing coincide. The light losses associated with two reflections 
from Mp and with the hole in Mp can be made small and are a low 
price to pay for the high optical quality gained by the on-axis use of C. 
The Pfund mirror introduces additional stray radiation, the effect of 
which may be minimized by blocking out the unused central portion 
of C so that radiation from this portion does not reach the exit slit 82 . 

The complete optical scheme for a prism spectrometer includes 
some means for focusing the radiation to be studied on the entrance 
slit. A concave spherical mirror usually is sufficient for this purpose. 


® A. H. Pfund, Jour. Opt, Soc. Am., 14, 337 (1927). 
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Fig. 17.1. Typical optical systems for infrared prism spectrometers, (a) 
Wadsworth mounting, (b) Littrow mounting with off-axis paraboloid, (c) 
Littrow mounting with Pfund pierced-mirror arrangement. 
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For absorption spectra, the incandescent source is focused on the slit 
with a mirror whose focal length allows adequate separation of source 
from mirror and ample room for absorption cells, shutters, and the like 
that must be placed in the beam. The beam emerging from the exit 
slit of the spectrometer is commonly focused on the thermal detector 
by means of an elliptical mirror. This type of mirror concentrates a 
reduced image of the exit slit on the detector with great efficiency 
but is quite expensive to make; in many instruments a spherical 
mirror of appropriate aperture would serve about as well. 

A prism in. high, having a 3-in. base, is a size commonly used in 
infrared spectrometers. With a 60-deg rock-salt prism of this size 
used in the optical arrangement shown in Fig. 17.1b, a resolving 
power of about 200 should be realized at 5 /x and about 400 at 14 /x. 
These values correspond to wave-number separations of 10 cm~^ and 
2 cm h respectively. The resolving power of a spectrometer at short 
wavelengths is governed by the excellence of the optics (optical 
quality of the off-axis paraboloid, alignment, and similar factors), 
whereas at the longer wavelengths the optical arrangement is not so 
critical. There the limiting factor is the small amount of energy 
available from the source, which forces the use of wide slits and a 
consequent reduction^in jresolving power. 

The wavelength calibration of a prism instrument consists of a plot, 
on an adequately large piece of graph paper, of the prism-table or 
l^ittrow-mirror orientation as a function of the wavelength brought to 
focus on the exit slit. The orientation may be expressed in any con¬ 
venient fashion, which means that the ordinate is usually in terms of 
screw turns, counter readings, fiducial-mark numbers, or some other 
index of prism-table setting. The calibration curve is ordinarily 
determined with the help of the precise wavelengths for sharp 
vapor-absorption bands in certain simple molecules such as ammonia 
(3 and 8-to-12 /x regions), water (6 /x), carbon dioxide (4§ and 15 /x), 
and methanol (20 /x region). The wavelengths of the absorption 
bands in these substances were originally measured with grating 
spectrometers (described in §17.3). 

Until quite recently the setting up of a prism spectrometer for 
infrared involved both a long apprenticeship on the part of the 

10 See, for example, D. S. McKinney and R. A. Friedel, Jour. Opt. Soc. Am., 38, 
222 (1948). 

a R. A. Oetjen, Chan-Lan Kao, and H. M. Randall, Rev. Sci. Inst., 13, 515 (1942). 

“ A. Borden and E. F. Barker, Jour. Chem. Phys., 6, 553 (1938). 
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operator, preferably in a laboratory where infrared research was in 
progress, and the construction of an instrument on a made-to-ordcr 
basis in an instrument shop. There are now on the market, however, 
several prism instruments that can be set up and put into operation 
by those who have had no previous infrared experience. Figures 17.2 
and 17.3 show infrared prism spectrometers marketed respectively by 
the Perkin-Elmer Corporation, Glenbrook, Conn., and the National 
Technical Laboratories, South Pasadena, Calif. Both of these in¬ 
struments use the Littrow arrangement shown in Fig. 17.1b, high- 



Fig. 17.2. Perkin-Elmer Model 12C infrared spectrometer. 
(Courtesy Perkin-Elmer Corp.) 


Speed thermal detectors, and a commercial pen recorder. The 
resolution attained by both instruments is good for prism instruments 
of this size and is satisfactory for most industrial control uses and for 
many research purposes. 

17.3. Grating Spectrometers. Infrared wavelengths are of such 
size that the optimum grating spacing is of the order of 0.01 mm in 
the near infrared and 0.1 mm or more in the far infrared. It is 
therefore possible to make transmission gratings for the latter region 
by winding wire of the appropriate diameter upon a flat frame. Such 
gratings, which were once extensively used, have been superseded by 
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ruled gratings of the echelette type (see § 2.5). Echelette gratings, 
because of their ability to concentrate most of the available radiation 



Fig. 17.3. National Technical Laboratories Model IR-2 infrared spectrometer. 

This instrument is often called the Beckmann infrared spectrometer. (Courtesy 
National Technical Laboratories.) 


into one order, have opened up spectral regions that could have 
scarcely been studied otherwise. 
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It was said earlier that gratings are used in the near infrared when 
high resolution is indispensable, and throughout the far infrared 
because of the lack of prism materials. The optical arrangement of 
the grating spectrometer proper does not differ greatly from the 
Littrow mounting for prism instruments shown in Fig. 17.1b and c, in 
which the prism and Littrow mirror combination is replaced by a plane 
grating. Grating instruments of these two types have been de¬ 
scribed respectively by Randall and J. D. Hardy.In the former, 
with which much work on rotational absorption of small polyatomic 
molecules has been carried out, the off-axis paraboloid is large (a 
semicircle of 24 in, diameter and of 36 in. focal length) and tills a 
grating 10 X 22 in. This large size makes the instrument highly 
effective in the region beyond 50 g, where tlie radiation from the 
source is extremely weak. 

A difficulty in the use of gratings in the infrared is the overlap[)ing 
of different spectral orders, which is especially troublesome because 
of the high source intensity of radiation at X/2, X/3, and so on, com¬ 
pared to that at X. The radiation must therefore be puritied in some 
way before it enters the spectrometer. This purification can be 
satisfactorily accomj)lished in the near infrared by the use of a low- 
dispersion prism monochromator in front of the grating mono- 
chromator; but at wavelengths beyond 25 g, filters opaque to short 
waves must be used. Thin plates of fused quartz are suitable for 
elimination of radiation between 10 and 50 g, and hard paraffin, 
metallic blacks, specially prepared powder filters, and soot-blac‘kened 
paper have also been used. The reflection filter of White ^ mentioned 
in § 17.1 can also be employed with great effectiveness. 

At the present time, grating spectrometers for the infrared are not 
available commercially, although there are numerous custom-built 
instruments in research laboratories in the United States. Most of 
these are equipped with gratings ruled on the engine at the University 
of Michigan. Figure 17.4 is a reproduction of a record of the far 
infrared absorption spectrum of deuterium oxide vapor made with 
the grating instrument described by Randall and located at the 
Randall Laboratory of Physics at the University of Michigan. 

17.4. The Measurement of Infrared Absorption. Because infra¬ 
red spectra are nearly always studied as absorption spectra, the 
technique of absorption measurements in this region will be consid- 

H. M. Randall, Rev, Sci. Jnaf,, 3, 306 (1932). 

J. D. Hardy, Phy.^, Rev., 38, 2162 (1931). 
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erecl in some detail. Methods for the measurement of spectral 
radiation in the infrared region, including amplification and recording 
of detector output, were discussed in Chapter 12. The special 
features of infrared absorption measurement other than detection, 
amplification, and recording will be described here. 

Infrared-absorption measurements are carried out on substances in 
any of the three states of aggregation. The techniques used in 
handling the samples are not elaborate. The absorption cell is 
placed in the optical path somewhere between the source and the 
entrance slit, usually just in front of the latter. The cell windows 
are ordinarily of polished rock salt several millimeters thick unless the 



Fig. 17.4. A record of the spectrum of deuterium oxide (“heavy water”) 
vapor in the spectral region 34^i to 38^i. (Courtesy Prof. H. M. Randall and 
Dean R. A. Sawyer.) 


spectral region under investigation lies beyond 15 g, in which case 
potassium bromide or some other suitable material is used. The cell 
windows must be large enough to admit the entire collimated beam 
from the source, which means that in practice they are 2 to 5 cm in 
diameter. 

In the study of gases, the windows are fastened on the ends of a 
glass or metal cylinder with an appropriate cement. The sample is 
admitted to the cell through side tubes in the cylinder, and the gas 
pressure is adjusted to give the optimum absorption. In general, 
absorption spectra of gases are obtained at several pressures, because 
the optimum pressure for the resolution of fine structure in one spec- 
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tral region is usually too high or too low for best resolution in other 
regions. If the vapor pressure of the substance under study is low 
at room temperatures, sufficient absorption may be obtained by 
increasing the length of the absorption cell or by raising the cell 
temperature. Neither of these expedients is entirely satisfactory, the 
first because of the awkwardness of long cells and the latter because 
of the difficulty of scaling rock salt to other materials over a wide 
temperature range. The length of gas absorption cells in general use 
varies from about 10 to 30 cm, and the gas pressures used may run 
from 5 mm or even less for strongly absorbing substances like fluoro¬ 
carbons to half an atmosphere for weak absorbers such as hydrogen 
chloride or water vapor. 

The difference in densities between a liquid and its vapor under 
standard conditions being nearly a thousandfold, a thousandfold 
shorter path length should be suflScient in a liquid to produce the same 
infrared absorption. From the figures given above, we should expect 
that liquid cells should have a length (usually c;alled “thickness”) of 
0.1 mm or less. Actual practicable cell thicknesses run from 0.01 to 
1.0 ram, the average being around 0.05 mm. Liquid cells usually 
consist of a metallic gasket or spacer of a thickness equal to the de¬ 
sired path length, which is placed in sandwich form between the two 
rock-salt plates serving as cell windows. Liquid is put into the cell 
either through an orifice in the gasket or before the cell is assembled. 
In the latter procedure, one window is laid flat and the gasket is 
placed upon it. A drop or so of the liquid to be studied is placed in 
the shallow receptacle so formed, and the other window is then put 
on top of the gasket in such a way that all air is squeezed out. The 
resulting sandwich is held together by metallic clamps. Highly 
volatile liquids cannot be handled in this way, and must be placed in 
cells by the former technique. An absorption cell for volatile 
liquids has been described by Gildart and Wright.^® 

In quantitative analysis of liquid mixtures by their infrared spectra, 
it is highly important to have a cell of reproducible thickness, because 
for highest accuracy the spectra of unknown and standard samples 
should be measured in cells of the same thickness. The best means 
of ensuring reproducible cell thickness is to employ a cell of a fixed 
thickness that is never changed, and to use this cell for all analyses of 

Gildart and N. Wright, Ren. Sci. Inst., 12, 204 (1941). Additional references 
to construction of absorption cells will be found in this paper. See also General 
Reference 17.9. 
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a given kind of mixture. A disassembled cell will never regain 
exactly the same thickness after reassemljly, and therefore a cell 
should not be taken apart if it is to be used again for quantitative 
analyses based on working curves (§ 17.6) obtained previously. A 
typical cell design is shown in Fig. 17.5. 

Since the density of solids is of the same order as that of liquids, the 
path length in solid media for optimum infrared absorption is about 
0.1 mm. If a solid can be fabricated by rolling, melting, deposition, 
and similar methods into a thin sheet or plate of this thickness, it 
offers no diflSculty. The optical quality of the sheet for visible 



Fig. 17.5. Liquid absorption cell for infrared spectrometer. 


wavelengths is unimportant. Solids that cannot be made into sheets 
or plates can sometimes be studied in the form of a thin powder layer 
deposited on a rock-salt plate by sedimentation. This technique has 
been used by Pfund,^ Wright,^® and others. Solids are also occasion¬ 
ally examined in solution, but this procedure has limitations. It can 
almost never be used for study of substances soluble only in water; 
even for substances soluble in organic solvents, it requires the use of 
two or more solvents so that the spectral regions of absorption of one 
solvent can be examined in a different solvent that is transparent in 
those regions. The particular solvents chosen for a given solid depend 


«N. Wright, Jour. Biol. Chem., 120, 641 (19S7). 
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on the spectrum expected for the solid and on its solubilities. Often 
it is useful to examine a solid in the form of a suspensoid or “mull” 
in an inert liquid medium such as Nujol.” As for solutions, the 
regions of absorption of the medium interfere with the measurement 
of the spectrum of the suspended solid (see General Reference 17.1, 
page 11). 

It is customary to present the results of an infrared absorption 
study as a graph of per cent transmission plotted against wavelength 
in microns or wave number in cm““b Some infrared spectrometers 
produce such a record automatically and hence may properly be 
called infrared spectrophotometers. Most instruments, however, pro¬ 
duce records from which transmission curves can be computed. At 
every point on these records, there must be explicit or implicit indica¬ 
tion of the wavelength and the deflections corresponding to (a) the 
transmission of the sample, (b) 100 per cent transmission, and (c) zero 
transmission. All of these except the last vary greatly through the 
spectrum, but they must be known if the per cent transmission of the 
sample as a function of wavelength is to be obtained. 

Wavelength is generally indicated on the record by some kind of 
fiducial mark made at convenient intervals during the recording. 
These marks are related to wavelength when the instrument is 
calibrated (see § 17.2) and their reliability may be checked easily with 
reference to the well-known absorption bands of water and carbon 
dioxide, or other convenient .standards. The deflection for zero 
transmission can be indicated as often as desired by the insertion of an 
opaque shutter in front of the absorption cell, but the 100 per cent 
transmission deflection is rather more complicated to record. This 
deflection varies considerably with wavelength in approximate accord 
with the blackbody curve. At any particular wavelength, moreover, 
it is a function of slit width, source temperature, and other factors such 
as scattered radiation within the instrument and absorption and 
reflection in the optical path outside the absorbing substance. By 
careful regulation of the.se factors, it is possible to obtain a 100 per cent 
transmission curve throughout the spectrum which is sufficiently 
reproducible for most purposes except those of quantitative chemical 
analysis. 

When the spectral record of a particular substance has been ob¬ 
tained, it still has to be translated into a per cent transmission vs. 


R. B. Barnes, E. F. Wniiam«<, et al., Ind. Eng. Chem., Anal. ed„ IQ, 629 (1947). 
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wavelength curve with the help of the 100 per cent transmission curve. 
The translation step is time-consuming, and various methods for its 
elimination have been suggested. One of these consists of a device 
for forcing the instrument to give a horizontal straight line as the 
100 per cent transmission curve. Inasmuch as the slit widths have 
to be changed several times during the scanning of the spectrum 
anyway, a ^straight line for the 100 per cent transmission curve might 
be obtained by varying the slit width continuously as the spectrum 
is scanned, the rate of variation being governed by a cam so as to 
compensate for the blackbody curve and other variables. The 
difficulty here is the exceedingly fine control of slit width needed at 
the short wavelengths near the peak of the blackbody curve, where 
the curve is very steep and slit widths are very narrow. If electronic 
amplificatioTi is used, control can also be exercised by continuous 
variation of amplifier gain as the spectrum is scanned. A combination 
of these two devices has been described by White. 

The more basic and more satisfactory way to produce a record of 
per cent transmission is to provide a rneehanisra within the spec¬ 
trometer by which the actual transmission of the sample is compared 
automatically and continuously with 100 per cent transmission as the 
spectrum is scanned. Such a mechanism converts the spectrometer 
into an automatic-recording infrared absorption spectrophotometer. 
The fundamental principles of infrared absorption spectrophotom¬ 
eters are essentially the same as those for the visible and ultraviolet 
(Chapter 14), the differences in detail arising from differences in 
sources and detectors. Various arrangements have been described 
by Hardy and Ryer,^^ Wright and Herscher,-^^ and others.^^ 

The optical system of a commercial instrument^- having several 
features in common with those of Hardy and Ryer^^ and Wright and 
Herscher^^ is shown in Fig. 17.6. Radiation from a Globar source is 
received on two identical spherical mirrors so located that the two 
source-to-mirror beams make an angle of about 135 deg. The two 
collimated beams then pass through two identical cells, one holding 
the sample and the other the reference standard with respect to 
which the transmission of the sample is to be measured. By defini- 

18 J. U. White, Jour. Opt. Soc. Am.. 36, 362A (194G). 

19 J. D. Hardy and A. I. Ryer, Phps. Rev.. 55, 1112 (1939). 

20 N. Wright and L. W. Herscher, Jour. Opt. Soc. Am.. 37, 211 (1947). 

21 R. F. Wild, Rev. Sci. M.. 18, 436 (1947). 

22 W. S. Baird, H. M. O’Bryan, George Ogden, and Dorothy Lee, Jour. Opt. Soc. 
Am.. 37, 754 (1947). 
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tion, the transmission of the reference cell is 100 per cent and the 
instrument functions so as to determine the ratio of the transmission 
of the sample to that of the reference. For example, the per cent 
transmission of a substance in solution would be determined with 
respect to a reference cell containing the solvent at a thickness equiva¬ 
lent to that of the solvent in the sample cell. 

The beams pass through the two cells at right angles to each other 
and proceed to a point of intersection at which a rotating-sector 
interrupter is located. One sector of this interrupter is a plane 



Fig. 17.6. The optical system of the Baird Associates’ recording infrared 
spectrophotometer. (C-ourtesy Baird Associates.) 


mirror; and when this vsector is at the beam intersection, the beam 
from the sample cell is reflected onto the entrance slit of the spectrom¬ 
eter while the beam from the reference cell is occulted. The other 
sector is simply an opening through which both beams pass, the 
reference beam proceeding to the entrance slit and the sample beam 
passing harmlessly off to one side. From the entrance slit onward, 
the optical path followed by radiation of any given wavelength is 
identical for both beams. 








491 


§17.4] SPECTROSCOPY OF THE INFRARED REGION 

When the radiation at a particular wavelength, say 10 /u, is incident 
on the exit slit of the spectrometer, this radiation will remain constant 
with lime if the 10-/x radiation from the source is constant and if the 
reduction in intensity which results from passage through the two 
absorj)tion cell systems is the same for both. However, when the 
sample cell absorbs more 10-/x radiation than the reference cell, the 
intensity of this radiation at the exit slit will “flicker” with the fre¬ 
quency of the rotating-sector interrupter. The amplitude of the 
flicker dej)ends on the absorption of the sample, and could in principle 
be measured directly to determine the per cent transmission. Com¬ 
plications of the sort discussed in § 14.28 and in Wright and Herscher’s 
article are avoided, however, if a null method is used. By reducing 
the intensity of radiation in the reference beam to match the smaller 
intensity of the sample beam, one can determine the latter from the 
amount of reduction required. 

In the instrument show in Fig. 17.7, the reference beam is capable 
of reduction by means of a comb-shaped shutter, the teeth of which 
are triangular in shape. The shutter is driven by a motor whose 
source of current is the bolometer on which the flickering beam 
ultimately falls. The bolometer current is first amplified by an 
AC amplifier tuned to the flicker frequency (§ 12.8), the value of 
which is of course determined by the sector interrupter. This current 
causes the shutter motor to move the shutter into the reference beam 
until the flicker disappears. Simultaneously, the amount of motion 
of the shutter is recorded. By adjustment of the size and shape of the 
teeth in the shutter, it is possible to establish a linear relationship 
between this motion and the per cent transmission, so that the record 
of shutter motion is also a record of per cent transmission. 

The spectrum is scanned by rotation of the Littrow mirror (§ 17.2), 
marked wavelength mirror in Fig. 17.6. The same motor that 
drives the mirror also drives the recorder drum, giving thereby a 
direct relationship between wavelength and drum orientation. As 
the spectrum is scanned, the drum rotates and a recording pen con¬ 
nected to the shutter traces out the per cent transmission curve on 
a paper chart properly ruled in transmission and wavelength co¬ 
ordinates. A typical curve is shown in Fig. 17.8. 

The use of AC amplification has the advantages mentioned in 
§ 12.8. In addition, it enables a traversal of the spectrum without 
interruption from one end to the other. Ordinarily it is necessary to 
stop an infrared spectrometer while the slit width is being changed to 
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compensate for change in the radiation curve. In the Baird instru¬ 
ment the slit-width change can be made continuously, because any 
energy changes produced by changing slit width affect both sample 
and reference beams equally, and therefore the intensity ratio of 
sample beam to reference beam is not affected. Inasmuch as the 
sample-beam and reference-beam intensities are balanced by the 





Fig. 17.7. Baird Associates' recording infrared spectrophotometer. 

(Courtesy Haird Associates.) 


mechanical shutter, the slit-width drive does not have to operate so 
as to compensate the radiation curve with high precision. 

A double-beam instrument has many possibilities in addition to 
its designed use as a spectrophotometer. A valuable application lies 
in the measurement of differential spectra of chemical substances 
known to differ in some important way (in physiological activity, for 
example) but without known difference in chemical composition. It 
is also apparent that such differential spectra offer interesting pos¬ 
sibilities in control of purity of chemical preparations. 


Wovt Numbtrs in cm“ 
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APPLICATIONS OF INFRARED SPECTROSCOPY 

As was mentioned above, infrared spectroscopy has been most 
widely applied in the analysis of chemical compounds by means of 
their infrared absorption. However, extensive researches have also 
been carried out in the fields of emission and reflection spectra (Gen¬ 
eral References 17.2, 17.3, 17.4). The emission spectra of gases have 
been used to extend spectral series into the infrared region, as in the 
Paschen, Brackett, and Pfund series in the atomic hydrogen spec¬ 
trum; and the infrared spectrum of the “blackbody” radiator fur¬ 
nished the experimental basis on which Planck first proposed the 
quantum hypothesis. The reflection spectra of crystals, apart from 
their utility in the isolation of narrow spectral regions, have been 
widely studied in connection with crystal structure and composition 
as well as related properties such as specific heat. The reflection 
spectra of crystals are as characteristic of the crystal as their absorp¬ 
tion spectra, and could be used for identification. The techniques of 
absorption spectra are more generally applicable, however. 

17.S. Qualitative Chemical Analysis by Infrared Absorption 
Spectra. In order that results of infrared-absorption studies made 
under different conditions may be compared, research workers in this 
field usually indicate, explicitly or implicitly, the path length, pres¬ 
sure, temperature, and slit width at each wavelength, and any other 
pertinent information. However, it has proved impossible to follow 
the convention, used in the field of visible and ultraviolet spectro¬ 
photometry, of plotting extinction coefficients calculated from Beer’s 
law (see Chapter 14). The reason is not necessarily that Beer’s law 
does not hold in the infrared but rather that experimental determina¬ 
tion of extinction coefficients meets with difficulties that are quanti¬ 
tatively small in the visible and ultraviolet but may be overpowering 
in the infrared. Hence the percentage transmission values given in 
an infrared absorption spectrum have at best a semiquantitative 
significance, for which reason absorption bands are frequently listed 
in tables of infrared spectra on a qualitative scale as “very weak,” 
“weak,” “medium,” “strong,” or “very strong.” 

In the past, the two most important difficulties to overcome have 
been the effects of slit width and of scattered radiation, corrections 
for both of which are difficult to apply at every wavelength in the 
infrared for which extinction coefficients are to be calculated. With 
commercial spectrometers of high optical quality now available, these 
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difficulties can be considerably reduced and very probably will be in 
the near future. Additional trouble with accurate control and meas¬ 
urement of liquid absorption-cell thicknesses and with the photomet¬ 
ric comparison of two beams is also involved, but it appears that 
infrared extinction coefficients are a realizable goal. 

It might reasonably be concluded from the foregoing paragraphs 
that the use of infrared absorption spectra for chemical analysis 
would be out of the question, particularly if the analysis has to be 
quantitative. However, the fact is that both qualitative and quan¬ 
titative analyses are possible. The effects that prevent a determina¬ 
tion of extinction coefficients are nevertheless quite reproducible for 
one instrument at one wavelength and can therefore be taken into 
account empirically, even though it is impossible to measure them 
accurately. The procedures used in infrared analysis are described 
below, and from them an understanding of applicability of this new 
analytical tool can be gained. We point out here some of the general 
advantages of chemical analysis by infrared means. 

Infrared analyses can be (tarried out rapidly on a very small amount 
of sample (<0.1 gram) if it does not require special preparation for 
spectros(;opic study. The analytical procedure is not destructive; 
that is, the sample can be recovered quantitatively after the spectral 
data have been obtained. This feature is especially valuable for 
chemically fragile substances, on which infrared radiation produces 
no chemical action apart from its heating effect, in contradistinction 
to ultraviolet radiation. For the analysis of chemical and biological 
materials, where the total sample at the disposal of the investigator 
may be only 10 or 20 mg, these features are especially valuable. It is 
apparent that after special modifications for his purposes, the bio¬ 
chemist will find the analytical use of the infrared spectrometer to be 
as powerful a tool as it is for the industrial organic chemist. 

The limitations of analysis by infrared means are several. It has 
been employed primarily in the analysis of organic compounds, 
although the advantages it offers to the inorganic chemist would 
appear to be considerable. However, the facts that water is opaque 
throughout the near infrared and that most atoms and monatomic 
ions do not absorb at all in this region eliminate the infrared spec¬ 
trometer as an analytical tool for many inorganic problems. In the 
past, the experimental difficulties encountered in constructing and 
maintaining a good spectrometer have been sufficiently formidable to 
rule out the use of infrared in many laboratories, but this limitation is 
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to a large extent removed by the availability of rugged and reasonably 
priced commercial instruments. 

In Chapter 11 it w^sls stated that near infrared spectra arise from 
molecular vibration, while far infrared spectra are due to molecular 
rotation. Because of the relative simplicity and availability of prism 
spectrometers, (it present all chemical analysis by infrared means is 
carried out in the near infrared. Necessarily, then, the qualitative 
analytical conclusions are drawn from spectroscopic observations of 
molecular vibrational frequencies. It is well known from experience 
that the vibrational spectrum of a polyatomic molec;ule can be 
classified approximately into those frequencies which are charac teris- 
tic of the molecule as a whole and those which are characteristic of 
small groups of atoms within the mole(*ule. These latter frequencies 
(compare Table 11.2) occur in a molecular spectrum whenever the 
groups giving rise to them are present in the molecule, regardless of 
the structure of the molecule as a whole. It is a further result of 
experience that the infrared spectrum of a mixture containing different 
molecular species is simply the superposition of the individual infrared 
spectra of the various molecules present. Whenever the spetttrum 
of a mixture is not a superposition of the spec^tra of the substances 
that were mixed together to form it, one can conclude that some sort 
of reaction has occurred in which some change has been made in the 
molecular structure of one or more of the original substances. 

The following kinds of qualitative information may be obtained 
from the infrared spectrum of an unknown substance or mixture: 

1. If the material is known to be a single chemical substance and is 
presumed to be one of a number (large or small) of substances whose 
spectra have previously been determined, comparison of the spectrum 
of the unknown with the others will quickly establish which, if any, 
of the presumed substances it is. This comparison is probably the 
most useful qualitative infrared procedure. 

2. If the material is known to be a single chemical substance of 
undetermined structure, the spectrum can show the presence or 
absence of various groups of atoms and thus can lend powerful aid 
to a determination of the structure or essential parts of it. 

3. If the material is a single chemical substance of questionable 
purity, comparison of its spectrum with the spectra of suspected 
impurities can often establish the presence of certain impurities, to¬ 
gether with a rough estimate of the amount of impurity. Of course 
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the sensitivity of the method depends on the spectra of the substance 
and of the impurities. Under favorable conditions it is possible to 
identify impurities present in amounts less than 1 per cent, sometimes 
much less (0.01 per cent). 

4. If the material is a mixture of chemical substances, comparison 
of its spectrum in a systematic way with the spectra of substances 
conceivably present in the mixture can lead to identification of the 
components of the mixture, together with a rough estimate of their 
percentages. 

It is apparent that one must have a table of group frequencies and 
a catalogue of spectra of pure substances if one is to carry out the 
analytical procedures just outlined. Extensive tables of character¬ 
istic group frequencies like Table 11.2 have been given by various 
authors.* These frequency values are easily reproducible from one 
spectroscopic! setup to another and can be relied upon for analytical 
purposes. The situation is not quite so simple, however, with respect 
to catalogues of absorption spectra. For one thing, although existing 
catalogues give many absorption curves,! it is quite probable that a 
given analytical problem will call for spectra not previously published. 
Moreover, in comparing spectra of unknown substances with known 
spectra, there is a great advantage in employing spectra obtained on 
the same instrument and under comparable circumstanc^es. For this 
reason a laboratory carrying out qualitative analyses by infrared 
means customarily sets up its own collection of absorption curves. 
The systematic use of catalogues of infrared spectra in industrial 
research laboratories has been described by WrighU^ and by Barnes, 
Gore, Liddel, and Williams (General Reference 17.1). 

17.6. Quantitative Chemical Analysis by Infrared Absorption 
Spectra. Quantitative analyses of mixtures of organic compounds 
are usually feasible despite the previously mentioned difficulties that 
prevent the accurate measurement of extinction coefficients. The 
difficulties are sidestepped by determining the infrared absorption of 
the unknown at various wavelengths under carefully controlled con¬ 
ditions and comparing these absorptions quantitatively with those 
measured for various standard samples under identical conditions. 

* See, for example, Tables 1-4 in General Reference 17.1 and Fig. 6 of General 
Reference 17.9. 

t Reference 17.1 gives spectra for some 363 compounds, mostly limited to the range 
5-10 fjL. General Reference 17.7 gives curves for several hundred hydrocarbons; and 
General Reference 17.4, though compiled many years ago, is still occasionally useful. 

^ N. Wright, Ind. Eng. Chem., And. ed., 13, 1 (1941). 
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Among the factors that must be controlled are the temperature of the 
sample, its pressure if it is studied as a gas, the absorption path length 
(if the sample is studied as a liquid, this is the cell thickness and must 
be reproducible to 1 per cent or better), spectrometer slit widths, and 
wavelength settings. 

When these variables are controlled, it is possible in principle to 
analyze a mixture of n components by determining the fractional 
transmissions, T, at n wavelengths and solving the set of n simul¬ 
taneous linear equations, obtained from Beer’s law (compare Eqs. 14.7 
and 14.8), relating T to fractional composition X: 

-log l\^±CuX^ 
y-i 

-logT, = (17.1) 

y-i 


-log 

y»i 

Here Tn is the fractional transmission of the mixture at Xn, Xj is 
the fractional amount of component j in the mixture, and Cnj is the 
value of ( — log Tn) when Xj = 1, that is, the value of ( — log Tn) at 
wavelength Xn for the pure component j. 

Since all quantitative analyses by infrared absorption are carried 
out by some variant of the above procedure, it is necessary to consider 
the practical restrictions which apply to its use: 

1. Beer’s law must hold in effect for the range of compositions over 
which analyses are to he made* Its validity is best determined by 
carrying out actual analyses on samples of known composition. If 
analysis is impossible because of the magnitude of deviations from 
Beer’s law, such a trial procedure will show it and will reveal as well 
any other practical impediments to accurate analysis, such as the 
variation in scattered light in the spectrometer at a fixed wavelength 
with variation in sample composition. 

2. The n wavelengths at which T\s are determined must be selected 
judiciously to give the best analytical accuracy for the mixture in 

* Beer’s law says that log (/©//<;) is a linear function of the concentration c. This 
relationship may not hold for measurements of h/lc on a given spectrometer for a 
given substance over the desired concentration range. However, it may be possible 
to apply corrections for scattered light and the like, so that Beer’s law does hold. In 
such a case. Beer’s law may be said to hold “in effect.” 




499 


§17.6] SPECTROSCOPY OF THE INFRARED REGION 

the spectral range involved. Clearly, one must not select two wave¬ 
lengths for which Cij is approximately the same multiple of C^j for 
every j. Likewise, one cannot expect to find n wavelengths at the 
first of which only component 1 absorbs, at the second of which only 
component 2 absorbs, and so on. Such a fortuitous circumstance 
will be especially improbable if one is analyzing, as is often the case, 
a mixture of chemically similar substances. The closer one can 
approach to this ideal situation, however, the greater the accuracy 
and the ease with which the analysis can be carried out. 

3. Since Eqs. (17.1) assume the constancy or reproducibility of the 
various factors previously mentioned, such as slit widths, wavelength 
settings, and cell thickness, these factors must be controllable. Of 
particular importance is cell thickness, the reproducibility of which is 
vital. It is therefore customary in quantitative work to use a per¬ 
manently assembled cell of fixed thickness for all the measurements 
involved in a given analysis. 

In practice, analyses are usually made with n smaller than 5, and 
usually with n = 2 or 3, although as many as 10 components have 
been determined in hydrocarbon mixtures. For n = 2, the analytical 
problem frequently calls for the determination of small amounts of 
(component 1 in the presence of 90^ per cent of component 2. In such 
an instance, the analytical procedure can be speeded up as well as 
made more accurate by preparing from standard samples an analyti¬ 
cal ‘‘working curve.” This curve consists of a plot of log T at Xi 
against X\ over the range, say 0 to 0.1, vrithin which is expected 
to lie. The value of Xi for an unknown can then be read directly 
from the working curve when the value of log T at Xi has been meas¬ 
ured for the unknown. In special cases, this procedure can be fol¬ 
lowed in the determination of two or more components Xu X^, As, . . . 
when they are present in amounts small by comparison with the 
largest component, provided that each working curve (at Xi for Xu 
at X 2 for A^ 2 , . . .) is uninfluenced by variation in the amounts of 
the other components. Strictly, this proviso is equivalent to the 
ideal situation mentioned under restriction 2, above. However, in 
the equation 

-log Ti - GiiA^ + C 12 A 2 + CisAs + . . . + constant (17.2) 

to a fair approximation one can neglect the terms Cu.X^ CuX^, . . . 
when Cii is much larger than Cu, Cu, . . and A’^i, A 2 , Ag, . . . are 
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all small. The constant is the contribution of the largest component, 
which is present in fixed amount both in the known samples used in 
making up the working curve and in the unknowns. Extensive dis¬ 
cussion of analytical methods by means of working curves will be 
found in General Reference 17.1 and in various other places. 

Quantitative analyses by means of infrared absorption are carried 
out either on liquid or on vapor samples. Provided the problem of 
controlling sample thickness can be solved with suitable accuracy, as 
by the use of an internal standard,there appears to be no reason in 
theory or in practice why one cannot also make analyses on solids 
whose near infrared absorption is suitable for the purf)ose. Infrared 
quantitative analysis is especially valuable in the determination of 
closely similar chemical compounds such as geometrical isomers. It 
has been mentioned earlier that aqueous solutions cannot ordinarily 
be analyzed by means of their near infrared absorption. 

17.7. The Determination of Molecular Structure from Infrared 
Spectra. It was mentioned in § 11.4 that the absorption of infrared 
radiation by a vibrating and rotating molecule depends on the pres¬ 
ence of a molecular dipole moment. When the dipole moment 
changes temporarily during the course of a particular vibration of the 
molecule, infrared radiation of the frequency of that vibration can be 
absorbed by the molecule. Those molecular vibrations which are 
attended by no change in the dipole moment do not absorb infrared. 
Likewise, those molecules which at rest possess no dipole moment 
cannot absorb infrared radiation by rotation alone, but if the molec¬ 
ular dipole moment changes, during a simultaneous vibration and 
rotation, the combined frequencies (both sum and difference) of 
vibration and rotation can be absorbed. 

It has been known for some years that spectroscopic activity of 
molecular vibrations and rotations is strongly dependent on their 
symmetryIn fact, it is possible to work out tables of selection 
rules for infrared and Raman spectra purely on the basis of molecular 
symmetry. With no more detailed knowledge of a particular mole¬ 
cule than the number and kind of atoms in it and the symmetry of 
their arrangement, one can determine the number of molecular fre¬ 
quencies which appear in infrared absorption and in the Raman effect 

2* J. R. Nielsen and D. C. Smith, Ind, Eng. Chern,,, Anal, ed., IS, 609 (1943). 

^ C. 3. Brester, Zeitschr. f. Physik^ 24, 3i24 (1924). 

* G. Placzek, Handbuch der Radiologies Vol. VI, part 2, pages 205 jf. Leipzig, 
Akademische Verlags., 19.34. 
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(Chapter 18), together with other results such as the number of fre¬ 
quencies that occur simultaneously in both. The procedure used in 
determination of molecular structure from infrared and Raman 
spectra is as follows: 

1. Observe both spectra. 

Assume a molecular model, and from the selection rules predict 
the number and type of frequencies to appear in both spectra; if 
possible, estimate the approximate spectral positions of the fre¬ 
quencies. 

3. Compare the observed spectra with the predictions of the model. 

4. Accept or reject the model. 

In principle, this process should be repeated for every possible molec¬ 
ular symmetry compatible with the number and kind of atoms, 
but in practice it is usually necessary to consider only the smaller 
number of structures consistent with additional restrictions such as 
those of chemical valence. It is, however, a frequent practical result 
that two or more models appear to explain the spectra equally well. 
In such instances, additional s{)ectroscopic data are needed and can 
often be obtained by such expedients as the study of isotopic spectra. 
For molecules of interest to the organic chemist, deuterium is a 
valuable tool in spectroscopic analysis.^^ 

The determination of molecular symmetry is usually insufficient 
for a complete specification of the interatomic bond angles in a 
molecule and ne.ver determines the interatomic distances. The 
evaluation of interatomic distances and angles by spectroscopic 
means is accomplished through a determination of molecular moments 
of inertia, which are involved in the frequencies of molecular rotations. 
However, this procedure* is severely limited by the fact that for a 
rigid molecule there are at most three moments of inertia. Hence 

F. Halverson, “The ITse of Deuterium in the Analysis of Vibrational Spectra," 
Rev. Mod. Phya., IQ, 87 (1947). 

* There is another procedure for obtaining interatomic bond angles in small mole¬ 
cules or atomic groups. The equations for the vibrational frequencies of a molecule 
sometimes involve the interatomic angles explicitly. If all the other parameters- - 
mostly force constants—are known, the angles can be obtained by substituting the 
proper observed molecular frequencies in the equations and solving for the bond angles. 
Onlinardy, this method suffers in accuracy and reliability for one or more of the 
following reasons: (1) the calculated bond angle is highly sensitive to small errors in 
observed frequency or in force constants; (2) the frequency equations are derived 
from a potential function of unknown validity; (3) force-constant values must be 
assumed or carried over from other molecules. 
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only three numerical values (at most) can be obtained from the 
moments of inertia unless additional molecular species derived from 
isotopes are available. If the number of parameters of this sort is 
sufficient, together with molecular symmetry, to determine the molec¬ 
ular geometry completely, then the molecular structure can be 
worked out completely by spectroscopic means. This limitation 
means in practice that only the structures of molecules with relatively 
few atoms or high symmetry can be completely determined spectro¬ 
scopically. In addition to the numerous diatomic molecules whose 
interatomic distances hav^e been thus evaluated, carbon dioxide, 
water, ammonia, methane, hydrogen sulfide, and a few other small 
molecules have been worked out by analysis of near and far infrared 
absorption spectra. Larger and less symmetrical molecules are not, 
in general, amenable to this type of treatment. 

The results of many spectroscopic studies on molecular structure 
are discussed in the monograph of Herzberg (General Reference 17.8), 
to which the reader is also referred for details on such related topics as 
the determination of thermodynamic quantities from spectroscopic 
data. 

17.8. Astrophysical and Biological Applications of Infrared Spec¬ 
troscopy. The interpretation of the spectra of water, carbon dioxide, 
ammonia, and methane mentioned in the preceding section has made 
possible an interesting application of infrared spectroscopy to astro 
physics. In 1932, Adams and Dunham^^ found absorption bands in 
the photographic infrared spectrum of the planet Venus similar to 
those shown in Fig. 1.9b. These were soon interpreted as very high 
overtones of the carbon dioxide infrared absorption bands and demon¬ 
strated that the atmosphere of Venus contains large amounts of this 
gas. This work led to similar studies of the atmospheres of the other 
planets and resulted in the still more remarkable discovery that the 
atmospheres of Jupiter and Saturn contain enormous amounts of 
methane and ammonia. 

The early work on the planetary atmospheres was carried out in 
the photographic infrared because neither photocells nor radiometric 
devices were sufficiently sensitive for the measurement of astronomi¬ 
cally available intensities in the infrared region. With the develop¬ 
ment of the lead sulfide photoconductive cell (§ 12.13), this limitation 
was removed and extension of all kinds of astrophysical studies into 

W. S, Adams and T. Dunham, Jr., Pub. Astron. Soc. Pacific^ 44, 243 (1932). 

A. Adel and D. M. Dennison, Phys. Rev.^ 43, 716 (1933). 
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the near infrared was begun. Kuiper®*^ has examined planetary 
atmospheric spectra out to nearly 3 /x and has confirmed the existence 
of ammonia and methane on Jupiter and Satui*n and on Titan, the 
largest satellite of Saturn. Ac*cording to his studies, there is some¬ 
what less ammonia on Saturn than on Jupiter; and although both 
planets have large amounts of methane, the methane absorption in 
the rings of Saturn is less than that in the planet itself. Stebbins 
and Whitford have studied infrared radiation from the region of 
the center of our galaxy, and the solar spectrum out to 2.5 /x is the 
subject of an extensive series of investigations by astronomers of the 
McMath-Hulburt Observatory 

The application of infrared absorption spec^tra to the solution of 
biological and biochemical problems was rather late in comparison 
with the extensive use made by organic chemists, primarily because of 
instrumental diflBculties that sim^e have largely been removed. For 
many biochemical problems, infrared absorption spectra offer aid that 
cannot be obtained by any other physical methods, particularly 
ultraviolet spectra. A wide variety of highly important biological 
substances—hormones, amino acids, carbohydrates, and saturated 
fatty substances, to cite several classes—exhibit either little ultra¬ 
violet absorption at wavelengths above 2000 A or else show absorption 
characteristic only of a small chromophoric group that docs not enable 
the biochemist to identify or analyze for the remainder of the molecule. 
On the other hand, the infrared spectra of these substances, besides 
revealing the presence of specific groups, exhibit features characteris¬ 
tic of the molecule as a whole. For example, infrared examination of 
two compounds that differ only in being geometrical isomers nearly 
always makes possible a sharj) distinction between them. 

The steroids may be cited as an example of the kind of biochemical 
substance to which the above remarks apply. This class of com¬ 
pounds, which includes many of the sex hormones, consists of a large 
saturated hydrocarbon ring system to which various side groups are 
attached. The ketosteroids, for example, have a carbonyl side group. 
The carbonyl group shows an ultraviolet absorption, to be sure, but 
it is characteristic of the absorption of ketones in general. The 
presence and location of other side groups do not affect this absorp- 


30 G. P. Kuiper, Astrophys. Jour.. 106, 251 (1947). 

31 Joel Stebbins and A. E. Whitford, AMropkys. Jour., 106, 255 (1947); Shy and 
Telescope, 7, 123 (1948), 

33 R, R McMath and 0. C. Mohler, Sky and Telescope, 7, 143 (1948). 
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tion, and therefore the ultraviolet region does not afford a means of 
distinguishing these various compounds, the physiological properties 
of which may differ radically. On the other hand, the infrared spec¬ 
trum shows not only the characteristic carbonyl absorption as well as 
that of any other side group but also shows features indicative of the 
location of the groups. 

The advantages of infrared for work with steroids were appreciated 
by Furchgott and his associates'^ as well as by Dobriner and col¬ 
laborators. The latter, in a classical paper^'^ on the application of 
infrared spectrometry to the fractionation of urinary ketosteroids, 
not only studied crude mixtures of the ketosteroids but also analyzed 
spectroscopically the products obtained by chromatographic frac¬ 
tionation of the mixtures. The ketosteroids were usually studied in 
carbon disulfide solution, the technique normally requiring somewhere 
between 1 and 4 mg of steroid sample. Dobriner and his coworkers 
found that the various compounds that they were able to obtain in 
pure form had quite specific infrared spectra, in contrast to their 
ultraviolet absorption. The small samples were undamaged by 
infrared radiation and could be recovered quantitatively after spectra 
had been obtained. When they were dealing with mixtures contain¬ 
ing one or more substances of hitherto unknown composition and 
structure, the infrared spectra helped in two ways: in concentrating 
the unknown material by chromatographic fractionation, infrared 
spectra were used to trace the unknown in the various fractions; in 
elucidating the structure of the unknown, the spectra indicated the 
nature of side groups present. Dobriner’s paper furnishes an excel¬ 
lent summary of the way in which infrared can be used in biochemical 
problems, and the interested reader should also consult it for details of 
the technique used in the ketosteroid work. 
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CHAPTER 18 


Raman Spectroscopy 


When a beam of light passes through a material medium, 
some of the light is transmitted, some absorbed, and some diffused or 
“scattered.'’ Tlie scattered portion is ordinarily very small and 
originates from several scattering processes. Even in a macro- 
scopically uniform medium, microscopic inhomogeneities give rise to 
scattering, especially if tlieir dimensions ap[)roximate the wavelength 
of the light. If the inhomogeneities are randomly distributed par¬ 
ticles, as for example in tobacco smoke, the scattering is called 
Tyndall scattering. If the in homogeneities are transitory fluctuations 
in the index of refraction of the medium that arise from lo(‘al density 
fluctuations, the scattering is called Rayleigh scattering. A third type 
of light scattering, called the Raman effect after the Indian physicist 
who discovered it in 1928,^ arises directly from variations in the 
“index of refraction” of individual molecules.* These variations, 
which are produced by molecular rotation and vibration, are rela¬ 
tively slight, and the intensity of the light involved in the Raman 
effect is correspondingly low. 

18. L The Raman Effect. When scattered monochromatic radia¬ 
tion is examined spectrographically, it is found to be no longer 
monochromatic but to consist of the original frequency (Tyndall and 
Rayleigh scattering) plus several new frequencies (Raman effect). 
The spectral location of the new frequencies, together with other 
properties such as their intensities and polarizations, are characteristic 
of the scattering substance. From such data it is possible to draw 
conclusions about the nature of the substance, a possibility that 
accounts for the wide usefulness of Raman spectroscopy. 

V. Raman, Ind. Jour. Physics, 2, 387 (19^8), 

* The “index of refraction” of a single molecule is more commonly called the 
molecular refractivity. It is directly related to the molecular polarizability discussed 
later (§ 18.10). 
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For a particular scattering material, a set of Raman frequencies is 
associated with each frequency in the exciting radiation; that is, two 
different exciting wavelengths will give rise to two different sets of 
scattered frequencies. However, these two sets are not independent. 
If the scattered frequencies are known for one exciting wavelength, the 
analogous frequenedes for another exedting wavelength (*an he cal¬ 
culated readily. The reason is that the number and magnitude of 
the frequency shifts introduced by the Raman effect in a particular 
substance is the same irrespective of the frequency of the exciting 
radiation. This point is illustrated in Fig. 18.1, which shows sche¬ 
matically the spectrum scattered by the simple molecule carbon 
disulfide when the exciting radiation consists of the two mercury lines 
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Fig. 18.1. Schematic diagram of the Raman spectrum of carbon disulphide 


at 18,808 and ^22,938 cm~h These are the wave numbers of the 
green and blue mercury lines at 5461 and 4358 A, respectively. 

It will be seen in Fig. 18.1 that the pattern of Raman lines is the 
same for the two exciting frequencies. The numerical values of the 
shifts introduced by the Raman effect are shown above the arrows 
that indicate the shifts. The numbers are obtained by taking the 
difference between the absolute wave number of each Raman line and 
the wave number of the mercury line that excites it. Thus the 
figures +656 and —656 for the two shifts nearest the Hg-4358 line 
were derived by subtracting 22,938 cm“^ from 23,594 and 22,282, the 
last two numbers being the spectroscopically measured wave numbers 
of the two Raman lines. Because the Raman shifts depend on fre¬ 
quency differences rather than absolute frequencies, the symbol Av 
is often used to denote their magnitude in wave numbers. 
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As is apparent from Fig. 18.1, Raman shifts occur symmetrically 
above and below the exciting frequency. Those that occur above 
are called anti-Stokes lines (denoted by A in the figure) to distinguish 
them from the lines on the low-frequency side, which are called 
Stokes lines (denoted by S). The terminology arose from an old rule, 
Stokes’ law of fluorescence, which holds that scattered radiation never 
has a higher frecpiency than the exciting radiation. Anti-Stokes lines 
are nearly always much weaker than Stokes lines. Although they 
are of theoretical interest, they are of little practical importance, since 
Raman spectra are universally studied by means of the more intense 
Stokes lines. 

In addition to the shift in frequency, there are several other ways 
in which Raman scattering differs from the other types. Tyndall 
and Rayleigh scattering are coherent; that is, there is a definite phase 
relationship between the incident and the scattered light, whereas 
Raman scattering is incoherent, with only random phase relationship. 
Raman lines frequently show marked depolarization, whereas the 
accompanying Rayleigh line is highly polarized. The intensity of 
Raman lines in liquids is from one-hundredth to one one-thousandth 
that of the Rayleigh line, and in vapors the ratio may be as small as 
1 in 10,000. In a clear crystalline solid, on the other hand, the 
intensity of Raman scattering may approach that of the Rayleigh 
type, because the latter is especially weak. 

18 . 2 . Technique of the Raman Effect. Because the Raman effect 
is so feeble, a special though simple optical technique is required to 
detect and study it. The technique is based on that used by R. W. 
Wood 2 for the investigation of fluorescence. The basic requirement 
is an intense source of monochromatic radiation. Thus light source L 
in Fig. 18.2 sends its radiation in the direction of the arrow I into the 
transparent tube T (sometimes called a Wood’s tube). One end of 
the tube has an optically flat window W and the other end is drawn 
into the horn-shaped form indicated in the figure. The horn H is 
blackened to trap stray reflected radiation. Radiation entering the 
tube is scattered in all directions by the liquid or gas contained therein, 
but only that part scattered along the direction R (perpendicular to I) 
is studied spectroscopically. The symbol S stands for the spectro¬ 
graph. 

Looking into the tube T from the spectrograph, one views the light 


2R. W. Wood, Nature, 122, 349 (1928); Phil. Mag., 6, 729 (1928). 
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scattered by a long column of material against the black background 
of the horn //. No direct or reflected radiation should be seen, but 
only Rayleigh and Raman scattering. The lohg column serves to 
increase the total intensity of scattering along the direction /?, and 
the right angle between I and R minimizes direct and reflected 
radiation. 

18.3. Sources for Excitation of the Raman Effect. The Raman 
effect would be easier to work with if an intense source of sharply 
monochromatic radiation of, say, 5000 A wavelength were available. 
Since there is none, existing sources must be adapted to do the job. 
An intense source of some kind of line spectrum, usually the mercury- 
vapor arc, is the starting point. Other vapor arcs, both metallic and 
nonmetallic, have been employed, as for example the helium dis(!harge 
tube, but the mercury spectrum has proved the most generally useful. 
Mercury an^s of various kinds are discussed in detail in Chapter 8. 



Many of these, including several inexpensive commercial types, are 
suitable for Raman work, the choice of a particular arc being dictated 
by the substances to be studied, the spectrograph to be employed, and 
related considerations.® 

One of the great advantages of the mercury spectrum is the number 
of fairly widely separated intense lines, which are located at 2537, 
3650, 4047, 4358, 5461, and 5770-5790 A. The selection of one 
of these as the source of excitation for the Raman spectrum of a 
particular material is based on the properties of the material. The 
intensity of both Rayleigh and Raman scattering increases with the 
fourth power of the exciting frequency, so that the highest frequency 
(lowest wavelength) would always be chosen if other factors were not 
involved. The most important factor is the absorption spectrum of 
the substance. If the substance absorbs radiation of the frequency 


*D. H. Rank and J. S. McCartney, Jour. Opt. Hoc, Am.y 38, 279 (1948). 
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in question, the scattered light will probably be fluorescent.* Even 
if fluorescence is missing, the scattered spectrum will be reabsorbed, 
and it will be diflScult, if not impossible, to detect the Raman spec¬ 
trum. Most substances in thick layers (Fig. 18.2), particularly 
organic compounds, absorb ultraviolet radiation of 2537 A, and 
therefore the use of this line is confined to relatively rare instances 
when the scattering substance is quite transparent to 2537 A and 
the requirement of an all-quartz system can be met. 

The most commonly used lines are the blue 4358 line, the violet 
4047 line, and the green 5461 line, in that order. The 4358 line com¬ 
bines the advantages of high transmissibility through many materials, 
high photographic activity, and good exciting power. In addition, 
most glass-prism spectrographs have high dispersion and resolving 
power in the blue region. The mercury spectrum contains no lines of 
appreciable intensity between 4358 and 4916 A, which gives an open 
region of 2600 cm“^ for the Stokes lines from X 4358. The violet line 
can be used for excitation of Raman shifts greater than 2000 cm' ^ if 
the scattering substance permits, because these shifts will appear in 
the same open region (4358 to 4916 A). The 5461 line is used only 
with substances whose absorption of blue light is too strong to permit 
the use of 4358. 

The mercury arc, like any other source found thus far, still falls 
short of the ideal in two important ways: (a) the spectral lines in 
the source are often so close together (for example, the mercury lines 
at 4047 and 4358 A) that Raman shifts excited by one line may over¬ 
lap, and hence be concealed by, another line or by Raman shifts from 
another line; (b) there is continuous as well as monochromatic 
radiation in the source. If the continuous radiation, generally 
termed background^ has even 0.1 per cent of the intensity of the 
exciting line, the Rayleigh scattering of the background may mask 
or interfere seriously with the detection of the Raman lines. These 
two shortcomings are mitigated considerably by the use of radiation 
filters. 

18.4. Filters for the Raman Effect. Most of the optical filters 
used in Raman work are designed to isolate the above-mentioned 
mercury lines. Since the interested reader can find detailed ac- 

The lesser usefulness of fluorescence (see § 11.13), which is a phenomenon closely 
related to the Raman effect, is the result of its usually diffuse, continuous spectrum, 
from which detailed conclusions are hard to draw. The Raman spectrum, which is 
discrete and sharp-lined, gives more information. 



RAMAN SPECTROSCOPY 


511 


§18.5] 

counts^ of filters for this purpose iu the literature. Table 18.1 lists only 
a few of the more commonly used line-filter combinations. 

TABLE 18.1 

Mercury-Line Filters for the Raman Effect 

Hg-2537: This line is ordinarily used without preliminary filtering, espe¬ 
cially since it is possible to excite it preferentially in a “resonance lamp.” 
However, the procedure of filling the spectrograph case with mercury vapor 
is sometimes followed (the vapor pressure of mercury at room temperature 
is sufficiently higli), which sliaqffy absorbs the Rayleigh-scattered 2537 line. 
By this device, Raman shifts of only a few wave numbers can be detected; 
this detection would be impossible if the Rayleigh line were of its usual 
intensity. 

IIg-3().50: The nickel-oxide glass filter (for example. Corning No. 5874) first 
devised by Wood, isolates this line reasonably well. 

Hg-4047: Corning Noviol O glass (No. SOGO) or a dilute solution of sodium 
nitrite will readily remove Hg-36‘50. To eliminate longer wavelengths 
than 4047, a solution of iodine in carbon tetrachloride is suitable. 

Hg-4 358: Wavelengths below 4358 are absorbed quite satisfactorily by sat¬ 
urated acpieous sodium nitrite solution. Praseodymium salts (such as the 
chloride) are excellent for cleaning up background from 4400 to 4800 A, and 
a rhodamine dye (duPont Rhodamine 5GDN Extra) is good from 4000 to 
5400. 

Hg-5461: Wavelengths below 5461 are removed by basic potassium chromate 
solution, and those above by cupric sulfate solution. The 5770-5700 yellow 
doublet falls in the same region with 1000 cm~^ Stokes shifts from 5401. It 
is difficult to remove the yellow lines completely, but a filter of .saturated 
neodymium chloride can reduce their intensity so greatly that Raman lines 
in their immediate neighborhood can be uncovered. 

Hg-5770-5790: The yellow doublet is rarely used but may be called for if the 
scattering substance absorbs green light too strongly, or if it is necessary 
to resolve some ambiguity in a spectrum excited by Hg-5461. For this 
purpose a dilute water solution of the dye cyanosine or certain of its 
derivatives can be used to absorb Hg-54C1. 

Most of the filters listed in Table 18.1 are solutions, the use of 
which requires special containers. Glass and plastic filters of equally 
good spectral characteristics could doubtless be used, but they are 
not so readily obtained or adaptable. 

18.5. Arrangement of the Excitation Unit. To increase the 
intensity of illumination, it is customary to use more than one mercury 
arc, the number varying from 2 to as many as 12. In addition, the 
radiation incident upon the scattering substance is further enhanced 

* K. W. F. Kohlrausch, General Reference 18.6, page 34. 
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by some kind of collimating device, such as a cylindrical mirror placed 
on the opposite side of the arc from the scattering tube, or a cylindrical 
lens between the arc and the tube. Wood^ ingeniously combined the 
latter with a filter by using a cylindrical tube filled with sodium 
nitrite solution as the lens. 

I When a large number of arcs and filter holders are used, it is found 
convenient in general to mount the arcs, filter holders, and scattering 
tube with their axes vertical. This change in direction requires 
plane mirror between the tube and the spectrograph, to deflect the 
scattered light at an angle of 90 deg. The heat generated by the arcs 
is always considerable, and both air and water cooling of the excitation 
unit are usually necessary. Sometimes a filter solution may be 
circulated as a refrigerant to keep the number of media between the 
source and scattering tube to a minimum. An excitation unit with 
six General Electric type H-2 mercury arcs and elliptical reflectors 
for each is shown in Fig. 18.3. 

18.6. The Scattering Tube. The size of the Wood’s tube (T in 
Fig. 18.2) depends on the size of the arcs used, the relative scarcity 
of the scattering material, whether gases or liquids are being studied, 
and other factors. For liquids the tube commonly has a volume of 
10 to 100 cc. Volumes less than 10 cc can be used, but the quality 
of the spectrum suffers when the volume drops below 1 cc. Many 
substances require only a little preliminary attention before introduc¬ 
tion into the tube; for these, it is convenient to have a ground-glass 
stoppered tube. Other materials, however, may need special treat¬ 
ment to remove suspended matter, fluorescent impurities, and the 
like, for which direct distillation into the tube is required and perhaps 
sealing of the tube under nitrogen or other inert gas. Hence every 
laboratory working extensively with the Raman effect uses many 
different sizes and kinds of tubes. 

Special techniques are required if the substance is to be studied at 
temperatures or pressures markedly different from 20°C and 1 atmos¬ 
phere.®* ^ When the substance cannot be examined in any other form 
than that of a crystalline powder, the technique described above is 
also inadequate. Even though these different conditions of tempera¬ 
ture, pressure, and state of aggregation are not uncommonly en- 


^ (ieneral Reference 18.7, page 448. 

® See, for example, G. B. B. M. Sutherland et aL, Pror. Roy. Soc. (London), 17<S| 
484 (1(140;. 

^ W. V. Houston and C. M. T.*ewis, Proc. Nat. Acad. Sci., 17, 229 (1931). 




Fig. 18.3. Excitation unit for the Raman effect. The blackened light horn 
on the Wood's tube may be seen at the top, and the glass cylinders containing 
filter solutions and refrigerant in the center. The base of the entire unit fits an 
optical bench, from which it can be removed and later replaced without disturbing 
the alignment. 
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countered, the techniques thus far developed to cope with them are 
not entirely adequate, and they add much difficulty to the study of the 
Raman effect. As it happens, they can sometimes be avoided by 
putting the substance into solution. Solutions may be studied readily 
by the Raman effect if they can be ""cleaned up,” that is, made op¬ 
tically clear, and if sufficient concentration (volume fraction of solute 
larger than 0.01) can be obtained in a suitable solvent. Fortunately, 
water is a good solvent because its Rayleigh and Raman scattering 
of radiation above 4000 A are very weak. The use of^solution spectra 
is contingent upon some kind of assurance that action of the solvent 
on the solute may be disregarded; conversely, solution spectra may 
furnish information about the interaction of solute and solvent 
(§§ 11.13 and 14.2). 

18.7. Spectrographs for the Raman Effect. A research worker 
who wishes to undertake the study of Raman spectra can adapt an 
existing spectrograph that may not have been designed specifically 
for Raman work; he can purchase a commercial spectrograph de¬ 
signed especially for Raman work; or he can construct his own instru¬ 
ment. The first of these three choices is the most desirable if he 
happens to work in a laboratory already equipped with a good prism 
instrument. The chief requirements are high speed, moderate re¬ 
solving power, and fair dispersion. A camera lens of //lO or faster is 
virtually essential, but lenses whose numerical apertures are faster 
than //4.5 generally have focal lengths, and hence linear dispersions, 
which are inconveniently small. With the coarse-grained high-speed 
emulsions on which Raman spectra are most often photographed, a 
linear dispersion smaller than 0.03 mm to the angstrom results in a 
serious loss of resolving power. A single-prism instrument usually 
does not have sufficient dispersion, but multiplication of the number 
of prisms introduces light losses by reflection, absorption, and scatter¬ 
ing that may seriously reduce the speed. Fortunately, the resolution 
demanded in Raman spectroscopy is ordinarily not high—^a resolving 
power of 5000 at 4500 A is sufficient for most purposes—because of 
the large natural breadth of Raman lines. 

Among the commercial glass-prism spectrographs which have been 
successfully used for Raman work but which were not specially de¬ 
signed therefor, are the Steinlieil three-prism instrument, the Zeiss 
three-prism constant-deviation instrument shown in Fig. 3.8 (both of 
these have more than one camera, and can therefore be used at differ- 
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ent dispersions), the Hilger E-494 single-prism medium glass spectro¬ 
graph, and the Baiisch & Lomb equivalent of this (Chapter 3). 

The longer focal-length spectrographs are generally too slow. The 
Littrow mount is also considered disadvantageous for Raman work 
be(!ause of the relatively large amount of stray reflected light. For 
study of the Rarnan effect in the ultraviolet with Hg-2537 excitation, 
the Hilger medium quartz instrument (Model E-498 or any of its 
predecessors, such as E-315) is satisfactory. 

Some of the instruments mentioned above are no longer manufac¬ 
tured, and even if they were, their purchase for the study of Raman 
spe(‘tra would be a questionable procedure in view of the availability 
of commercial spec‘trograplis designed for Raman work. Among 
these latter may be mentioned the Hilger E-518 single-j)rism//4 and 
E-612 two-y)rism //1.5 instruments, and the Lane-Wells No. 4()A 
three-prism spectrograph.* The latter uses a spherical mirror in the 
camera, the spherical aberration being corre(‘ted by a glass element 
of the Schmidt type. The effective aperture is //3, a good compro¬ 
mise between speed and linear dispersion for the prism train which 
is used. 

Until a few years ago, the use of grating spectrographs for the 
Raman effect was impractical because of the loss that accompanies the 
dispersion of the light into the various orders. With the develop¬ 
ment by Wood of the technique of ruling echelette gratings for short 
wavelengths, however, the use of the grating has become a decided 
advantage. A 15,000-1ine-per-inch grating that puts 75 per cent of 
the blue light incident upon it into a single first order is much more 
conservative of light than a prism train of the same aperture and 
comparable resolving power. At least a half dozen grating instru¬ 
ments have been used in the United States for Raman work, of which 
two will be described briefly. 

Figure 18.4 shows the optical arrangement of a plane-grating 
Raman spectrograph at the Johns Hopkins University, designed and 
built by Lord and Miller.®! An off-axis parabolic mirror C (6 in. 


* The Lane-Wells Company, 717 North Lake Avenue, Pasadena 19, Calif. 

* R. C. Lord, Jr., and F. A. Miller, Jour, Chem. Phys„ 10, 328 (1942). 

t This instrument was described in the Ph.D. dissertation of F. A. Miller (April, 
1941) and a published description of an instrument built with the help of this dis¬ 
sertation has been given by Stamm.® The reader may consult Stamm’s paper for 
details of design, construction, and performance. 

® R. F. Stamm, Ind. Eng. Chem., Anal, ed., 17, 318 (1945) 
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diameter, 4 in. off axis) is the collimator. Light enters at the slit 
is deflected through almost 90 deg by the mirror M astride the 
collimator axis A, and falls on the collimator. Since the slit is in 
effect at the focus of the collimator, light reflected from the col¬ 
limator is rendered parallel and proceeds to the plane grating G. The 
rectangular ruled surface of G (6J X 4| in.) does not cover the entire 
grating blank, which means that the part of the grating blank near M 
has to protrude out over the axis A if the parallel beam from C is to 
cover the ruled surface. By means of the mirror ili, the slit can be 
located at the point S instead of at the point A, and vignetting of the 
incoming beam by the grating blank can be avoided. The diffracted 



Fig. 18.4. Optical arrangement of a plane-grating Raman spectrograph. 

beam from the grating enters the camera lens L and is brought to a 
focus at the photographic plate P.* A Raman spectrum excited by 
Hg-5461 and photographed with a camera lens of 27 in. focal length, 
//5.4, in 45 min, is shown in Fig. 18.5. 

The advantageous features of such a spectrograph as compared 
with a prism instrument are its high resolving power and angular 
dispersion, coupled with high speed and freedom from stray light. 
The latter characteristic is especially good, because the only sources 
of stray light up to the first element of the camera lens are the three 
reflecting surfaces If, C and G, whereas the stray light associated with 

Lenses of the Petzval type designed especially for this instrument and having focal 
lengths of 18 and 27 in. can be purcha.sed from the Perkin-Elmer Corporation, Glen- 
brook, Conn. With these lenses, respective dispersions of 0.027 and 0.040 mm to 
the angstrom are obtained 
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the various kinds of scattering from prisms may be considerable in a 
multiple-prism system. The use of the off-axis collimating mirror 
avoids such troubles as spherical and chromatic aberration. The 
reasons for the plane grating are two: a concave grating has a definite 
curvature, which fixes the focal length and hence the speed and 
dispersion of the instrument. Moreover, a special mounting of a 
concave grating is required to give a stigmatic spectrum, and with 
this mounting the spectrum cannot be scanned for photoelectric 
detection by simple rotation of the grating. 

The adaptation of the instrument shown in Fig. 18.4 to photoelec¬ 
tric measurement of spectra (Chai)ter 12) can be accomplished in two 
ways. If scanning of the spectrum by motion of the exit slit and 
photomulti})lier across the spectrum in the focal plane is desired, 
apparatus for the purpose can be installed in the place occupied by 
the plateholder. If one prefers to scan by rotation of the grating, the 



Fig. 18.5. Raman spectrum of cyclooctatetraene taken with a plane-grating 
spectrograph. Scattering volume, 4 cc; excitation unit as in Fig. 18.3, photo¬ 
graphed on Eastman 103B emulsion in 45 min. 


spectrograph can be changed very readily to an autocollimating 
arrangement. Tlie off-axis mirror acts both as collimating and as 
focusing mirror, and the mirror M is split horizontally so that one half 
can reflect the beam from the entrance slit to the collimator and the 
other half can receive the converging beam from the collimator and 
reflect it to the exit slit. 

The adaptation of a Wadsworth-mounted concave-grating spectro¬ 
graph to Raman work has been described by Rank and coworkers.^^ 
The concave grating used had a 15-ft radius and was so ruled as to 
concentrate 40 per cent of the incident blue light into one of the 
second orders. The Wadsworth mirror was 10 in. in aperture and 
worked at approximately //lO. The linear dispersion of this instru¬ 
ment was so large (about 0.25 mm to the angstrom) that very wide 
slits (0.6 mm) (?ould be used without impairment of its usefulness for 
the Raman effect. In consequence, it was well suited for photo- 

D. H. Rank and R. V. Wiegand, Jour, Opt. Soc. Am., 36, 325 (1946), and earlier 
references there cited. 






518 RAMAN SPECTROSCOPY [§18.8 

electric detection, for which purpose total light flux rather than flux 
incident on unit area is the desideraliun. 

Scanning of the spectrum with the Wadsworth mounting requires 
motion of the exit slit, no matter whac scanning arrangement is used. 
In the Rank instrument, the spectrum was scanned by rotation of the 
grating. To compensate for the change in focal length witli grating 
orientation, the exit slit was moved synchronously along a fixed line 
drawn from the center of the slit to the center of the grating. The 
detecting element, which had to be moved along with the exit slit, 
consisted of a photomultiplier tube (RCA lP21) refrigerated by 
“dry ice.” The output of the detector was amplified further and fed 
to a photographically recording galvanometer. A sample record 
obtained with this instrument is shown in Fig. 18.6. 

18.8. Measurement of Intensity and Polarization of Raman Lines. 
Until the pioneer work of Rank^® pointed the way to photoelectric* 
determination of intensities in Raman spectra, the photographic 
method of intensity measurement had been universal. The usual 
difllculties of photographic photometry (Cliapter 13) are accentuated 
in Raman work by the low intensity level, the high background asso¬ 
ciated with Rayleigh scattering of the continuum, and the wide range 
of breadth and sharpness among Raman lines. The fact that rela¬ 
tively coarse-grained emulsions such as Eastman tyi)es I and 103 
(see Chapter 7) are used because of their speed adds to the difficulty. 

As a result, the practice has been to avoid quantitative determina¬ 
tion of intensities in Raman spectra whenever possible. A common 
method is to estimate by eye the photographic density of the various 
Raman lines, and to report these estimated values on some arbitrary 
approximate scale, such as one of 0 to 10. The inadequacy of such a 
procedure is apparent to anyone familiar with the vagaries of the eye 
and the photographic plate. It shows up strongly in the literature 
of the Raman effect, in which contradictory intensity results from 
different observers abound. In view of the greater usefulness of 
Raman spectra when quantitative intensity measurements are avail¬ 
able, much wider application of photoelectric detection seems 
ine\fitable. 

When reliable quantitative intensities are absolutely necessary, the 
procedures outlined in Chapters 12 and 13 are followed. One in¬ 
stance in which such data are essential is the quantitative chemical 
analysis of liquid mixtures, to which further attention is paid below. 
Another is the determination of the state of polarization of the 
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individual Raman lines, which is a property of basic significance. If 
a polarizing device such as a Nicol prism or a piece of Polaroid sheet 
is placed at the point R in the beam of scattered light in Fig. 18.2, the 
Raman lines observed spectroscopically are found to change in inten- 


Wave Number Shift ( Au cm**) 



Wavelength, A 

Fig. 18.6. Photoelectrically recorded Raman spectra of several hydrocarbons. 
(Courtesy Prof. D. H. Rank). 


sity, not only with respect to the Rayleigh scattering but also with 
respect to each other. In other words, the Raman lines are, to a 
greater or lesser extent, polarized. 

The state of polarization of a Raman line is described in a precise 
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fashion by its depolarization factor. This factor is the ratio of the 
intensities of the line measured when the polarizing device is oriented 
so that its polarizing direction is respectively in the plane of Fig. 18.2 
and perpendicular to that plane but is in both instances perpendicular 
to R, These two intensities are conventionally* called /_l and /||, 
from which the definition of the depolarization factor, p, is 



When the incident radiation is natural, ov unpolarized, light, the 
depolarization factor (then called p„) takes on values from 0 to J for 
Rayleigh scattering and from 0 to f for Raman lines. However, Ray- 
leigh scattering usually has p^ very close to zero, that is, strongly 
polarized, whereas no such generalization can be made concerning 
Raman lines. For the latter, the exact value of pn is j when the line 
originates from a nontotally symmetrical molecular vibration and is 
less than f (frequently approaching zero) when the molecular vibra¬ 
tion is totally symmetrical (compare § 11.5 and Fig. 11.3). 

The fact that the polarization of a Rairiaa line is related to the 
symmetry of the molecular vibration from which the line originates 
is of foremost importance in the interpretation of Raman spectra. In 
the elucidation of molecular structure from Raman and infrared 
spectra, the number of lines for which p„ equals and the number for 
which Pn is less than ® is the basis on which many possible structures 
may be eliminated from consideration, and is sometimes definitive for 
the correct structure. Unfortunately, the determination of de¬ 
polarization factors is beset with experimental diflBculties. Most of 
the trouble is associated with the fact that the incident radiation has 
to be sharply directional. This requirement essentially restricts the 
excitation unit to a maximum of two arcs, and in addition necessitates 
the use of baffles between the arcs and the scattering tube. The inser¬ 
tion of the Nicol prism or other analyzing device further reduces the 
intensity, so that exposure times are increased by a factor of 10 or 
more over those in which polarization measurements are not made. 
In many methods, the perpendicular and parallel components are 
photographed successively rather than simultaneously, which of 

* The convention is based on the plane of the electric vector of the incident light 
rather than the plane of Fig. 18.2. Sometimes I± and I\\ are called 1^$ and //>, or 

and i«., respectively, from the first letters of senkrecht (German for “perpendicu* 
lar”) and “parallel.” 
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course introduces another factor of 2. Detailed discussion of the 
techniques and precautions used in polarization measurements by 
photographic means may be found in several places. 

The photoelectric measurement of depolarization factors offers 
great promise with respect both to speed and to accuracy. The chief 
limitation is the noise level of the detecting and amplifying system, 
which sets the lower limit of detectability. A consequence is that 
many weak lines cannot be detected at all under the special conditions 
of excitation required for polarization work. However, the photo¬ 
electric method is still new, and further reduction of the noise level 
(for example, by refrigeration of the detector to still lower tempera¬ 
tures) may be possilde. The rc'ader is referred to the papers of Rank 
and coworkers^^^’ for the details of the photoelectric measurement of 
depolarization factors. 

18.9. Applications of the Raman Effect. It has been mentioned 
earlier that the Raman effect arises from molecular vibration and 
rotation. Conversely, the interpretation of Raman spectra leads to 
information about the vibrational and rotational energy levels of 
molecules. Since we saw in Chapters 11 and 17 that infrared absorp¬ 
tion spectra also arise from the vibrational and rotational energy 
levels, we note that infrared spectra and Raman spectra give the same 
kind of molecular information. However, because the techniques of 
the two differ greatly, it is sometimes advantageous to use the one 
rather than the other in attacking a p)articular problem. The choice 
is essentially one based on the convenience or applicability of the 
techniques, however, and not on the type of information to be ob¬ 
tained. Some of the factors on which one may base the decision as 
to whether infrared or Raman spectra, or both, should be used to 
solve a given problem are the following: 

I, Equipment. If a laboratory is already equipped with an infrared 
spectrometer, clearly infrared spectroscopy will be the selected tech¬ 
nique so far as the equipment factor is concerned, and conversely if 
Raman equipment is available. If neither is available but an 
adaptable spectrograph is at hand (see § 18.2), it is relatively easy 
to set up Raman equipment. In the event that new equipment must 

J. Cabannes and A. Rousset, Ann, de Physique (10) 19, 229 (1933); Ann. Chim. 
Physique, 19, 229 (193,3). 

A. W. Reitz, Zeitschr.f, physik. Chemie, B33, 368 (1936). 

12 A. Langseth, J. U. S0rensen, and J. R. Nielsen, Jour. Chem. Phys., 2, 402 (1934). 
i< M. R. Fenske, D. H, Rank, ei al, Ind. Emg. Chem.., Anal, ed., 19, 700 (1947). 



522 RAMAN SPECTROSCOPY [§18.9 

be purchased or constructed, the decision as to which kind to purchase 
or construct will be based on other factors. 

2. State of aggregation of material to be studied. Since infrared 
spectra of gases are much easier to obtain than Raman spectra of 
gases, the former technique is strongly to be preferred for such tasks 
as quantitative chemical analysis in the vapor state. Liquids are 
about equally well studied in both, whereas the spectra of most solids 
are not readily obtained in either, with the preference in favor of the 
infrared. It should be mentioned that one kind of molecule, the 
symmetric diatomic molecule like H 2 or N 2 , does not absorb infrared 
radiation. The Raman spectra of several such gases have been 
studied for various purposes, as for the determination of the ratio 
of orthohydrogen to parahydrogen in mixtures of the two, but the 
technique is not easy. 

3. Solutions. Because the intensity of Raman scattering by a 
solute is approximately proportional to its volume per cent, the 
Raman effect of dilute solutions is hard to obtain (compare § 18.1). 
Study of the infrared absorption of a solute in dilute solution, on the 
other hand, is scarcely more difficult than that of a pure liquid, pro¬ 
vided solvents are available whose own infrared absorption does not 
obscure the spectrum of the solute. One advantage of the Raman 
effect is that water is a good solvent to use because of its very simple 
and very weak spectrum. Water is black to the infrared and is 
virtually out of the question as a solvent in which to study infrared 
absorption. 

4. Colored substances. Any material that absorbs visible radiation 
of longer wavelength than 5000 A even weakly is a poor prospect for 
the Raman effect, whereas color is of no hindrance to the infrared 
spectroscopist. Furthermore, substances which are decomposed or 
otherwise altered chemically by the action of light, which fluoresce, or 
which cannot be prepared in an optically transparent form had better 
be studied in the infrared. Sometimes the fluorescence of a material 
can be suppressed sufficiently to enable study of the Raman effect 
by the addition of a quenching agent such as nitrobenzene or iodide 
ion, but the spectra then obtained are usually of inferior quality. 

5. Wavelength range. Most infrared spectrometers are limited by 
their rock-salt optics to wavelengths below 15 that is, to wave 
numbers above about 700 cm^b Many molecules, however, espe¬ 
cially large ones and those with heavy atoms, exhibit a goodly fraction 
of their fundamental vibrations in the range 50 to 700 cm""^ (15 to 
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£00 /i). Since the Raman effect is regularly photographed over the 
range 0 to 4000 ern ^ the wavelength limitation does not apply. To 
be sure, the width of the Rayleigh line sets a lower limit to the de¬ 
tectable frequency, but this limit can be pushed to very low values by 
complementary filters, if necessary. 

(). Overtones. A well-established experimental rule exists that the 
intensity of overtones and combination tones relative to that of fun¬ 
damentals in the Raman effect is very small (0.01 or less), whereas 
in the infrared the ratio is more nearly 0.1. This difference gives the 
Raman effect a great advantage for many purposes. It simplifies 
the Raman spectrum and makes possible an easy differentiation be¬ 
tween overtones and fundamentals. It sometimes [)crmits a ready 
analytical discrimination between two substances in a mixture where 
infrared methods fail because the overtones of one substance coincide* 
with fundamentals of the other. 

18.10. Determination of Molecular Structure. The combined 
use of infrared and Raman vibrational spectra for the determination 
of the geometrical configuration of molecules was discussed briefly 
in § 17.7. Because the selection rules often permit the appearance 
of certain vibrational frequencies in the infrared spectrum alone or in 
the Raman spectrum alone and sometimes even require the two 
spectra to be mutually exclusive, it is necessary to have both kinds of 
spectra to make a thorough structural determination. 

As was indicated in §§ 11.5 and 17.7, the selection rules for the 
Raman effect as well as for the infrared are a consequence of the 
symmetry of molecular vibrations. For the Raman effect, this rela¬ 
tionship arises from the fact that the refractivity of a molecule usually 
changes, even though the change is very slight, when the molecule 
vibrates. The molecular refractivity is directly connected with the 
molecular polarizability, that is, with the ability of the molecule to 
be polarized under the action of an electric field such as the alternating 
field of a light wave. Because a polarized molecule is one in which 
the center of negative electrical charge has been displaced with respect 
to the center of positive charge by the electric field, the binding of the 
electrons to the positively charged atomic nuclei in the molecule is 
the factor that determines the polarizability. Consequently, when 
the binding changes as a result of a change in the positions of the 
nuclei relative to one another, the polarizability may be expected to 
change. 
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An examination of the influence of molecular vibration on the 
polarizability shows that often the symmetry of a vibration prevents 
any change in polarizability arising from that vibration. For exam¬ 
ple, if the atoms move during a vibration so that their displac^ements 
are antisymmetric to a center of symmetry, the polarizability change 
produced by each atom is annulled by the antisymmetric disj)Iacement 
of the atom across the symmetry center from it, and the net cft*ect on 
the polarizability is zero. Such vibrations therefore do not give rise 
to Rarnan lines. On the other hand, if the atoms move so as to 
preserve all the symmetry inherent in the geometrical form of the 
molecule at rest (a totally symmetrical vibration: § 11.5), the vibra¬ 
tion affects the polarizability and the vibration appears in the Raman 
effect with relatively high intensity and low depolarization factor. 
Any vibration in which the atoms move with less than the total 
symmetry of the molecule but still produce a change in the polarizabil- 
ity gives rise to a Raman line, usually of medium or low intensity and 
with a depolarization factor of 

The procedure given first in § 17.7 for the determination of molec¬ 
ular structure from infrared and Raman spectra is here repeated: 

1. Observe both spec;tra. 

2. Assume a molecular model and predict the selection rules for 
both spectra; if possible, estimate the approximate spectral positions 
of the frequencies. 

8. Compare the observed spectra with the predictions of the model. 

4. Accept or reject the model. 

This procedure sometimes cannot be applied in strictly logical fashion 
because of practical difficulties such as indecision between two 
models with similar selection rules or the failure of certain frequencies 
to appear in one spectrum or the other despite the assent of selection 
rules. Often in such cases, as has been mentioned earlier, the diffi¬ 
culty may be resolved with the help of isotopic derivatives. 

The vast majority of studies of molecular structure by means of 
the Raman effect have not followed the process outlined above 
because the symmetry of most molecules is too small and the number 
of vibrational degrees of freedom is too large. When little symmetry 
is present, the selection rules are lax, and it is unlikely that a definite 
conclusion can be drawn about the geometrical form of the molecule. 
Nonetheless it is often possible to reach conclusions of value to the 
chemist by methods of analogy. The procedures are similar to those 
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followed in the application of infrared spectra to the same kind of 
problems. 

As we saw in Chapter 11, the vibrational frequencies in the spec¬ 
trum of a polyatomic molecule can be divided roughly into those 
cliaracteristic of the molecule as a whole and those characteristic of 
small groups of atoms within the molecule (crompare Table 11.2). 
Since these latter frequenc*ies appear in the spectrum of any com¬ 
pound containing the groups, they serve as a means for ascertaining 
the presence of a particular group in a molecule. The nature of the 
information on which such structural conclusions are based is the 
same for the Raman effect as for infrared absorption, namely, vibra¬ 
tional frequencies and intensities. Therefore the methods of drawing 
conclusions are the same as those already discussed in § 17.7. We 
shall be content to cite several simple examples of the use of Raman 
spectra in qualitative structural studies, referring the reader to the 
general references on the Raman effect for further details and for 
specific references to the voluminous literature on this kind of 
investigation. 


1. Orientation of grovps in the benzene ring. The Raman spectra 
of benzene derivatives have been extensively studied, esj>ecially by 
Kohlrausch and his school.They have demonstrated that the 
spectra of ortho-, rneta-, and para- substituted derivatives have char¬ 
acteristic differences which enable one to disc*riminate between the 
positions of substitution. For example, all wf^/a-substituted ben¬ 
zenes have an intense, strongly polarized line at 995 cm“^ which is 
not present in ortho and para compounds. The latter two can be 
distinguished by the richer spectrum of the ortho and by a line in the 
neighborhood of 625 cra“^ in the para, which is usually absent from 
the ortho derivatives. These characteristics can be used to determine 
from the Raman spectrum the position of substitution in a benzene 
derivative whose structure is unknown. 

2. Cu*-trans isomerism.. Many isomers of the trans structure have 
either a genuine center of symmetry or a sufficient approximation 
thereto to make effective the selection rule that excludes from the 
Raman effect all vibrations antisymmetric to the center. This rule 
does not apply to cis isomers, which do not have a center of sym¬ 
metry. One can therefore determine which of a pair of isomers is the 
CIS and whic*h the trans because of the smaller number of strong 


“ K. W. F. Kohlrausch, General Reference 18.6, page 354. 
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Raman lines in the latter. If both Raman and infrared spectra are 
available, the question can be answered more positively. In the 
infrared spectrum of the trann isomer, absori)tion bands corresponding 
to strong Raman lines should be weak or missing. In the Raman 
spectrum, the frequencies of strong infrared bands should be observed 
weakly, if at all, as in the spectrum of /ran.s-butcne-2.^‘^ This 
procedure is not applicable to those cases of cis-tram isomerism in 
which the trans isomer departs markedly from the centrosymmetric, 
and it is sometimes difficult to apply when the objective is to deter¬ 
mine whether a substance is of the civ or tram form, rather than to 
determine which of two isomers is one and which the other. It has 
been remarked by Rank, Fenske et al.^^ however, that the double¬ 
bond frequency in the region about 1660 cm"*^ is some ‘20 cm”^ higher 
in the trans form for many hydrocarbons. 

3. Structure of substances in aque^jus solution. The chemist has long 
been interested in the question of structure of the compounds formed 
when such gases as CO2, SO2, and NII3 are dissolved in water. The 
Raman effect has given a semiquantitative answer to the question 
for these three molecules: the vibrational Raman spectra of the dis¬ 
solved substances are essentially the same as those of the pure gases;* 
in other words, so far as one can determine with Raman spectra, the 
process of solution has resulted in little change in the molecular 
structure, and in particular has not produced spectroscopically de¬ 
tectable amounts of H2CO3, H2SO3 or NH4OH. A rather surprising 
by-product of the study of aqueous NH3 is spectroscopic evidence for 
free rotation of the ammonia molecule in the solution. Langseth^^ 
has found that the rotational fine structure of one of the vibrational 
Raman lines of aqueous ammonia indicates the same set of rotational 
energy levels as those possessed by the rotating gas molecule. 

18.11. Qualitative and Quantitative Chemical Analysis. The 

use of the Raman effect for qualitative chemical analysis rests on 
exactly the same principles as the use of infrared absorption for the 

H. Gershinowitz and E. B. Wilson. Jr., Jour. Chem.. Phyft,, 6, 247 (1938). 

* For SO 2 the Raman spectrum of the vapor is less complete than that of the pure 
liquid, with which it agrees so far as it goes. The spectrum of aqueous SO 2 agrees 
closely with that of pure liquid SOj. The Raman spectrum of NH 3 changes somewhat on 
passing from gas to liquid, the change consisting of frequency shifts of the sort usually 
associated with hydrogen bonding. The frequency differences between pure liquid 
NHj and aqueous NH 3 are negligible. 

A. Langseth, ZeUschr. f. Physik, 77, 60 (1932). 
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same purpose (§ 17.5). Accordingly, the selection of the one tech¬ 
nique or the other for qualitative analysis depends on other considera¬ 
tions than basic principles. These considerations have been sum¬ 
marized in § 18.9, where the two techniques are compared. 

The basis for the use of Raman spectra in quantitative analysis, 
on the other hand, differs from that for infrared absorption spectra. 
The fundamental assumj>tion for the latter use is the validity, under 
the special (conditions of the analysis, of Beer's law (§ 17.5). The 
analytical use of Reiman spectra, on the other hand, depends on the 
assumption that the intensity of Raman scattering by one component 
in a fixed volume of a mixture is linearly proportional to the number 
of molecules of that component present. This is a very simple rela¬ 
tionship, but there are good theoretical as well as experimental reasons 
for believing it to be an accurate one in many mixtures.* Thus the 
complete quantitative analysis of a mixture in principle can be carried 
out directly by the measurement of the intensity of one Raman line 
for each component, once the intensities of these lines in the pure 
components have been determined under the standard conditions of 
the analysis. 

Actually, the use of Raman spectra for quantitative analysis is 
more compliccated than is implied in this discussion, but the com¬ 
plications are those of practice rather than principle. One must first 
of all be on the alert for possible reaction between the components of 
a mixture that results in the disappearance of molecules of the original 
components and the appearance of new molecules. The qualitative 
analysis of the mixture by means of its Raman spectrum is the best 
indication of this kind of change insofar as its effect on the quantita¬ 
tive analysis is concerned. If the Raman spectrum of a mixture is 
a superposition of the spectra of the components, the indication is 
that no reaction of significance for quantitative analysis has occurred. 
This conclusion can be checked by quantitative spectroscopic study 
of solutions whose compositions are fixed in advance. 

Another complication encountered in practice is fluctuation in the 
intensity of the light source. This unpredictable source of variation 
in the intensity of the scattered light can be compensated by the inclu¬ 
sion of a fixed amount of an internal standard in the mixture. The 

* To be sure, quantitative analysis by means of empirical working curves (compare 
§ 17.6) can be carried out even if Raman intensities do not bear a linear relationship 
to the number of molecules. This procedure may be complicated for mixtures of 
several components. 



528 RAMAN SPECTROSCOPY [§18.11 

intensities of the lines of the components are then measured with 
respect to some line of the standard, these relative values being unaf¬ 
fected by external changes in illumination. Carbon tetrachloride, a 
relatively unreactive substance having a strong, simple Raman spec¬ 
trum, is frequently used for this purpose. The internal standard, of 
course, serves to eliminate other external variables, such as the size 
of the scattering tube, filter densities, and the like, but these are gen¬ 
erally easy to control anyway, the use of the internal standard being 
a great convenience rather than an absolute necessity. 

In view of the rather straightforward nature of quantitative anal¬ 
ysis by Raman spectra, it might be asked why the method is not used 
more often. The answer lies partly in the limitations of the Raman 
effect itself as outlined in § 18.9, such as the nec(\ssity for an optically 
clear, nonfluorescent, almost colorless liquid scatterer of considerable 
volume, and partly in the nuisance of accurate measurement of light 
intensity from the blackening of a photographic emulsion. To 
photograph the Raman spectrum to the recpiired density, to process 
the plate, to measure the densities of lines for both standard and 
unknown, and to convert these densities to percentage composition 
usually takes several hours. This time often compares unfavorably 
with that required for other methods of analysis, particularly infrared 
methods. 

It is apparent, however, that whenever these two kinds of objec¬ 
tions can be eliminated—the one by the nature of the substance to be 
studied, the other by the elimination of the photographic process in 
favor of photoelectric intensity measurement—the Raman effect 
offers great possibilities for rapid, easy, and accurate analysis of mix¬ 
tures that are troublesome with any other method. As an example 
of what one may expect in this direction, the reader is referred to the 
papers of Rank and his associates on the photoelectric Raman analysis 
of hydrocarbon mixtures.An excellent resume of quantitative 
analytical procedures that use the photographic process is given in 
an article by Stamm.® 
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CHAPTER 19 


Spectroscopy of the Vacuum Ultraviolet 


The region of the spectrum having wavelengths shorter than 
^000 A is frequently called the vacuum ultraviolet because the high 
absorption of most gases in this region makes it essential to work with 
spectroscopic equipment that has been evacuated or has been filled 
with a transparent gas such as hydrogen or helium. 

The earliest vacuum spectrograph was made by Schumann,^ who 
•employed a fluorite dispersing system and photographic emulsions 
that he made as free as possible from gelatin, to extend the limit of 
the spectrum from about 1850 to li^OO A. He was not able to measure 
wavelengths. The use of a concave-grating vacuum spectrograph by 
Lyman- permitted determination of wavelengths in the range that 
had been photographed by Schumann, a range now referred to as the 
Schumann region, Lyman also extended the short-wave limit of spec- 
trography to about 500 A (see General Reference 19.1). The develop¬ 
ment of the hot spark (§ 8.22) enabled Millikan’^ to extend the short- 
wavelength limit of observations to below 200 A. More recently, the 
use of gratings at grazing incidence in combination with sources of 
high excitation energy has resulted in closing the gap between the 
short-wave ultraviolet and long-wave X-ray regions (General Refer¬ 
ences 19.2 and 19.3). Using such techniques, Edlen^ has observed 
radiation as short as 4 A, though at wavelengths below 10 A, X-ray 
methods become superior. 

Vacuum-ultraviolet spectroscopy has been particularly useful in 
the study of atomic emission spectra corresponding to high excitation 
energies, as for example in singly and multiply ionized atoms. Spec¬ 
tra in this region have also been useful in elucidating astrophysical 

^ V. Schumann, Akad. Wiss. Wien, 102, 2A, 625 (189.S). 

2 T. Lyman, Astrophya, Jour., 5, 649 (1906). 

3 R. A. Millikan, Proc. Nat. Acad. Sci., 7, 289 (1921). 

* B. Edl^n, personal communication. 
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problems such as those of the gaseous nebulae, in investigations of 
molecular spectra corresponding to high excitation energies, in 
investigations of the solid state, and to a more limited extent in the 
study of certain organic compounds of biochemical interest. 

SPECTROGRAPHS FOR THE VACUUM ULTRAVIOLET 

19.1. General Considerations. Spectrographs for the vacuum- 
ultraviolet region must be designed to reduce to a minimum the 
absorbing effects of atmospheric constituents. This reduction may 
be accomplished by enclosing the si)ectrograph in a vacuum-tight 
case, so that the air can be exhausted therefrom, or by filling the case 
with a gas having comparatively low absorption. The former method 
is used almost exclusively. 

Of atmospheric constituents, oxygen produces the most troublesome 
absorption. Absorption bands of O 2 begin near 1950 A, converging 
to a limit near 1760 A, beyond which there is a continuum.The 
region from about 1300 to 1100 A is comparatively transparent. A 
second continuum extends from 1100 A to 300 A or less. The maxi¬ 
mum of absorption is at 1450 A, where a path length of 0.0014 cm 
of O 2 at normal temperature and pressure is suflScient to reduce the 
intensity of radiation by one-half. Thus, in order to obtain trans¬ 
mission of one-half the incident radiation in this region through a 
path length of 4 meters, it is necessary to reduce the partial pressure 
of oxygen in a vacuum spectrograph to about 0.001 mm Hg. In 
practice, the partial pressure is usually reduced to values ranging 
between lO"'* and 10“'’ mm. 

Nitrogen absorption bands begin at about 1450 A and extend to 
990 A, beyond which there is a continuum.® The relative trans¬ 
parency of nitrogen to wavelengths longer than 1450 A has made 
possible its use in fluorite spectrographs in lieu of a vacuum. Con¬ 
tamination of the nitrogen with oxygen or water vapor may cause 
difficulties, however. 

Water vapor exhibits two absorption continua starting at 1780 A 
and 1340 A, with a series of bands superposed.^' 

The rare gases helium, neon, argon, krypton, and xenon have com- 

® S. W. lAMfson, Astfophys. Jour.y 63, 73 (192(>). 

® J. Curry and G. Herzberg, Ann. d. Physik, 19, 800 (1934). 

^ R. Ladenberg, Voorhis, and J. C. Boyce, Pkys. Rev., 40, 1018 (1932). 

® R. Birge and J. Hopfield, Astrophys. Jovr., 68, 257 (1928), 

® G. Rathenau, Zeiisehr. {. Phy.nk. 87, 32 (1933). 

w J. J. Hopfield, Phy,^. Rev., 53, 931 (1938). 
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paratively little absorption except at relatively short wavelengths and 
are present in such small quantities in the air as to be unimportant 
in contributing to the absorption of the residual atmosphere left in 
spectrographs (see General References 19.2 and 19.3). Argon exhibits 
iibsorptio/i from 106(1 to 800 A, with a continuum beyond, and neon 
absorbs from 743 to 575 A with a continuum beyond that point. 
Hydrogen has negligible absorption to about 1200 A, and this gas 
and helium have been used to wash out and fill v^acuum spectro¬ 
graphs. Hydrogen must be used with care because of the danger 
of explosion. Preliminary washing with nitrogen will greatly reduce 
the hazard of explosion in tlie spectrograph proper. 

Three principal types of dispersing systems are used in vacuum 
spectrographs: (1) prism systems, (2) concave gratings illuminated 
at normal incidence, and (3) concave gratings illuminated at grazing 
incidence. Prism instruments are limited to the range of the Schu¬ 
mann region, extending to about 1200 A, because of the lack of suit¬ 
able material for prisms and lenses witli appreciable transmission 
beyond this point. Concave gratings illuminated at grazing in¬ 
cidence are used for the range from 2000 A to the shortest wave¬ 
lengths observed. 

Vacuum spectroscopes are usually designcnl for photographing the 
spectrum, although other types of radiation detectors have been used 
(§ 19.8). Light sources must be operated in a vacuum or in an 
atmosphere comparatively free from oxygen or other absorbing gases. 
If the light source is separate from the spectrograph and a window is 
interposed between the source chamber and the spectrograph housing, 
the absorbing characteristics of suitable window material limit the 
working range to 1000 A or above. For shorter wavelengths, it is 
essential that no window material be interposed in the light path 
except for thin organic films that have been found transparent at 
very short wavelengths. 

19.2. Prism Spectrographs. The absorption of quartz is so great 
at wavelengths shorter than about 1850 A as to make it unusable as 
a prism or lens material for vacuum ultraviolet spectroscopy. The 
only materials suitable for lenses and prisms in this region are natural 
fluorite (CaF 2 ) and synthetic crystals of calcium fluoride or lithium 
fluoride. All these crystals are isotropic. The absorption of natural 
crystalline fluorite increases rapidly below about 1250 A.^L Syn- 

E. C. Schneider, Phys. Rev., 45, 152. 

1* W. M. Powell, Jr., Phys. Rev. 45, 154 (fluorite); 46, 43 (quartz) (1934). 
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thetic lithium fluoride has somewhat better transmission/'* being 
usable in some cases to about 1100 A, and the transmission of syn¬ 
thetic calcium fluoride extends almost as far. Of these two synthetic 
crystalline materials, both grown in large crystals by Stockbarger, 
calcium fluoride is somewhat harder and may be optically worked 
more easily. The short-wavelength absorption of synthetic lithium 
fluoride increases if it is exposed to short-wave ultraviolet radiation 
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Fig. 19.1. Absorption of quartz, fluorite, and lithium fluoride. 

(From data in Cen. lief. 19.i) 

of high intensity or if it is bombarded with gaseous ions.^^ This 
phenomenon is somewhat analogous to the “solarization” of quartz 
upon exposure to ultraviolet radiation. As in the case of solarized 
quartz, heating tends to restore the original transmission. 

The working of the optical components of prism systems requires 
great precision in the grinding and polishing of the surfaces because 
of the short wavelengths involved. Thus at 1450 A the precision 
must be approximately four times as great as that required at the 
wavelength of the sodium D lines in the visible spectrum, for equal 
freedom from lens aberrations and other image defects. 

The absorption of quartz, fluorite, and lithium fluoride is shown 
in Fig. 19.1, and the dispersion of fluorite and lithium fluoride in 
Fig. 19.2. 

Prism instruments are chiefly useful for such investigations in the 
Schumann region as do not require the highest dispersion. It is pos- 

G. Schneider, Phys, Rev., 49 , 341 (1930). 

E. G. Schneider, Jour. Opt. Soc. Am., 27, 72 (1937). 
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sible to design prism instruments that are comparatively compact 
and hence easily putnped out. They serve adequately for ex¬ 
ploratory work down to about 1250 A and for the study of simple 
emission and absorption spectra. 



Fig. 19.2. Dispersion of fluorite and lithium fluoride. 
(From data in Gen. Ref. 19.2.) 


Many types of prism instruments have been designed. The spec¬ 
trograph of Cario and Schmidt-Ott,^® shown in Fig. 19.3, is typical. 
A 60-deg fluorite prism is used with fluorite collimating and telescope 
lenses of 0.8 cm aperture and 10 cm average focal length. The focal 



Fig. 19.3. Diagram of small vacuum spectrograph of Cario and Schmidt- 
Ott.^^ jS, slit; Lu fluorite collimator lens; P, fluorite prism; fluorite telescope 
lens; PI, plate. 

length changes markedly as a function of wavelength, which neces¬ 
sitates tilting the plate at an acute angle to the optic axis of the 
telescope lens. Two somewhat similar designs of spectrographs by 


Cario and Schraidt-Ott, Zeitschr. f. Physik, 69, 719 (1931). 
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McLennan^® are shown in Figs. 19.4 and 19.5. Fluorite-prism 
vacuum spectrographs of the Littrow type have also been used. 
Some prism instruments of comparatively large size and high resolving 
power have been built, but it is more customary to employ concave¬ 
grating instruments when high resolution is desired. Because of the 



Fig. 19.4, Small fluorite spectrograph designed by McLennan.^® 

high dispersion at short wavelengths and the large angle of plate tilt 
used in prism spectrografihs, comparatively large linear dispersion is, 
of course, obtained. For example, the plate factor of the Cario and 
Schmidt-Ott instrument is about 6 A/mm at 1400 A. 


Prism 



Fig. 19.5. Alternative design of small fluorite spectrograph by McLennan. 

19.3. Normal-Incidence Grating Spectrographs. When used at 
normal incidence, the reflecting power of grating surfaces is important 
in determining the range in the vacuum ultraviolet which may be 
covered successfully. The reflecting powers of various metals and 
other substances near 1000 A are shown in Table 19.1 and curves 

J. C. McLennan, D. S. Ainslie, and D, S. Fuller, Proc. Roy, Soc. (London), 95B, 
316 (1919); J. C. McLennan, A. C. Lewis, Proc. Roy. Soc. (London), 98B, 109 (1920). 

17 A. H. Pfund, Jour. Opt. Soc. Am., 12, 467 (1926). 

1® P. R. Gleason, Proc. Nat. Acad. Sci., 15, 551 (1929). 
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of reflection coeflScients are given in Fig. 19.6.^^ At wavelengths 
longer than about 1000 A, aluminum is the best reflector, whereas 
below that wavelength platinum is superior to aluminum but not 
quite so good as quartz. For the Schumann region, aluminum is the 
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Fig. 19.6. Reflection of aluminum, platinum, and glass at normal incidence as a 
fimction of wavelength. From data of (L B. Sabine. 

surface of choice. Speculum-metal gratings have been used at wave¬ 
lengths as short as 200 A but are not so employed in instruments of 
recent design. The reflection of glass compares favorably with that 



TABLE 19.1 


Reflecting Power of Substan<^E8 in the Ultraviolet 
Near 1000 A f'ou Normal Incidence 


(Data from General References 19.1 and 19.3, based on articles by 
A. H. Pfund and P. R. Gleason) 


Substance 

Silver. 

Speculum metal 

Gold. 

Selenium. 

Tellurium. 

Platinum. 

Glass. 

Quartz.. 


Coefficient, % 

5.1 

5.2 

6.3 

6.5 
7.2 
8.0 

8.5 
13.5 


of aluminum or other metals below 1000 A. Gratings ruled on glass, 
without subsequent coating by metallic films, are often used in this 
region. Glass has the particular advantage of not tarnishing and of 
being cleaned easily if it becomes coated with surface films. Usually 


G. B, Sabine, Phys, Rev.. 55, 1064 (1939). 
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a grating for this region is lightly ruled on speculum metal or glass 
and an aluminum surface is then evaporated on this. If a grating is 
lightly ruled, with reflecting areas between the grooves, the trans¬ 
mission factor of the spectrograph is somewhat improved.^® 

Normal-incidence gratings for the vacuum ultraviolet are usually 
ruled with 15,000 or 30,000 lines to the inch. The rulings are usually 
very similar to those used for the longer-wave ultraviolet and visible 


Concave 

grating 



Fig. 19.7. Normal-incidence vacutxm grating spectrograph. 
Designed by K. T. Compton and J. C. Boyee.^^ 


A normal-incidence grating spectrograph designed by Com}>t()n 
and Boyce-^ is shown in Fig. 19.7. The spectral range from tlu^ 
direct image of the slit to 2500 A is covered on a 24-in. photographic 
plate. The shortest wavelengths that have been photographed with 
this instrument are about 300 A. The grating is of 2-meter radius 
and is ruled on glass, with 30,000 lines to the inch. The plate factor 
is about 4 A/mm at the normal. Hilger has manufactured a normal- 
incidence vacuum spectrograph based on a design by Sawyer-^ which 
is typical of many instruments. The grating is of 1-meter radius, 
ruled 15,000 lines to the inch. The plate factor is about 16.6 A/mm, 
the entire spectral range up to about 3000 A being photographed on 
one plate. A 6-meter grating instrument of similar design has been 
constructed at the Massachusetts Institute of Technology.-^ This 
spectrograph was arranged so that plates could be removed and 
replaced without destroying the vacuum in the instrument. 

R, A. Millikan, I. S. Bowen, and R. A. Sawyer, Aatrophys. Jour., S3, 150 (1921). 

K. T. Compton and J. C. Boyce, Rev. ScL InM., 5, 218 (1934). 

^ R. A. Sawyer, Jour. Opt. Soc. Am., 15, .303 (1927). 

^ G. R. Harrison, Rev. Sex. Inst., 4, 051 (1933). 
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19.4. Grazing-Incidence Grating Spectrographs. The shortest 
wavelengths that have been photographed with normal-incidence 
grating spectrographs lie at about 200 the limit being set by the 
low reflectivity of grating surfaces for shorter wavelengths, as dis¬ 
cussed in § 19.3. Hoag“'^ first demonstrated that shorter wavelengths 
could be photographed by using high angles of incidence. As the 
angle of incidence becomes large, the reflection coefficients of many 
materials become quite high, even in the extreme ultraviolet range. 
Gratings ruled on glass are entirely satisfactory for use in this way. 

An investigation by Edlen^® 



Fig. 19.8. Schematic diagram of 
grazing-incidence vacuum grating 
spectrograph. 


showed that the shortest wave¬ 
lengths that could be photo¬ 
graphed with a particular grating 
were 320, 160, 75, and 53 A for 
angles of incidence of 0, 60, 80, 
and 85.6 deg, respectively, other 
conditions being comparable. 
Angles of incidence near 90 deg 
are used to reach the shortest 
wavelengths.*^®'^® 

A typical grazing-incidence 
spectrograph is illustrated in Fig. 19.8. Siegbahn-® has constructed 
such instruments for use with X rays, and similar spectrographs have 
been used by Edlen^® and others for ultraviolet spectrography. The 
gratings used vary in radius from 1 to 5 meters and are usually ruled 
with about 15,000 lines to the inch. The linear dispersion at grazing 
incidence is considerably greater than at normal incidence and varies 
rapidly with wavelength. Thus at 80-deg incidence a 1-meter grating 
ruled 14,500 lines to the inch has plate factors of 6.5 A/mm and 2.5 
A/mm at 1000 A and 100 A, respectively. The same grating at normal 
incidence has a plate factor of 16.6 A/mm. Grazing-incidence spectro¬ 
graphs with gratings of 21-ft radius have been constructed by Kruger.^^ 
The resolving power of a grating at grazing incidence is considerably 


^ R. A. Millikan and R. A. Sawyer, Science, 50, 138 (1919). 

^ J. B. Hoag, Astrofhys. Jour., 66, 225 (1927). 

B. Edl^n, Nova Acta Reg. Soc. Sci. Upe,, IV, 9, No. 6 (1934). 
F. Tyren, Zeitschr.f. Phydk, 111, 314 (1938). 

2® A. Ericaon and B. Edl4n, Zeitschr.f. Phynk, 59, 656 (1930). 
2® Siegbahn and Magnusson, Zeitschr.f. Phydk, 95, 133 (1935). 
30 B. Edl4n, Zeitschr.f. Physik, 100, 621 (1936). 

P. G. Kruger, Rev. Sci. hist, 4. 128. 
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different from that at normal incidence. The effects of large in¬ 
cidence angles on aberrations and resolving power have been investi¬ 
gated by several workers.The adjustment of grazing-incidence 
instruments is also somewhat more complicated than is that of normal- 
incidence instruments.’^® 

Over the range in which both grazing-incidence and normal- 
incidence grating spectrographs are useful, the choice between the 
two types depends upon the application. If the greatest precision in 
wavelength determinations is desired, the more nearly normal disper¬ 
sion and greater freedom from aberrations in the normal-incidence 
type may be of advantage. If, however, the weakest lines are to be 
observed, the greater reflecting power at grazing incidence may favor 
the use of an instrument of the grazing-incidence type. 

19.5. Housings and Vacuum Equipment. Housings should be so 
constructed that all seals and joints are easily accessible for inspection 
and for the repair of leaks. It is desirable that the volume of the 
housing be kept small in order that the system may be evacuated in 
minimum time. However, sufficient room should be provided for 
ease of adjustment and replacement of optical comj)onents. 

Some instruments are built with external controls by means of 
which adjustments may be made from the outside while the instru¬ 
ment is evacuated. Air locks are also sometimes provided whereby 
plates may be changed or the slit may be inspected and the light 
source replaced without breaking the vacuum in the entire instru¬ 
ment.^^ Such features make for case and rapidity of manipulation. 

If a vacuum spark is used without interposition of a protecting 
window between it and the slit (as must be done for work below the 
transmission of suitable window materials), considerable sputtering 
of the slit jaws may occur. The slit must then be cleaned frequently. 
Stellite jaws stand up somewhat better under such circumstances 
than do steel jaws. 

Diffusion pumps backed by mechanical pumps are most convenient 
to use for evacuating the chambers of vacuum spectrographs. The 
pumps should be of adequate capacity to reduce the pressure to the 
desired working range within a reasonable time. A pumping time of 

^ J. Mack, J. Stehn, and R. Edl4n, Jour, Opt, Soc. Am,, 22, 245 (1932). 

** I. S. Bowen, Jour. Opt. Soc. Am., 23, 313 (1933). 

^Anderson and J. Mack, Jowr. Opt. Soc. Am., 24, 292 (1934). 

^ J. Mack and J. Stehn, Jour. Opt. Soc. Am., 23, 184 (1933). 

3® Hathenau and Perlkamp, Phydea, 2, 125 (1935). 
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1 hr or less is usually considered reasonable. Vacuum gauges should 
be provided both to check the operation of the diffusion pump and to 
check the pressure in the sf)ectrograpli chamber. A simple discharge 
tube serves as an excellent working gauge. 

ACCESSORY APPARATUS 

19.6. Light Sources. For wavelengths shorter than 500 A, sparks 
are the most useful sources. The so-called “hot spark” in vacuum 
is the source most frequently used in this range. At somewhat longer 
wavelengths, either vacuum sparks or discharge tubes in helium may 
be used. Various other sources are satisfactory in the Schumann 
region, including (a) sparks, (b) vacuum arcs, (c) hydrogen discharge 
tubes, (d) hollow-cathode discharges, and (e) the vacuum furnace. 
In the range above which nitrogen transmits radiation (about 1400 A) ^ 
this gas may be used instead of a vacuum surrounding a spark or arc 
discharge. 

The foregoing sources and their characteristics are described in 
Chapter 8. 

19.7. Photographic Materials. Ordinary photogra]:)hic plates are 
not usable in the vacuum ultraviolet region without special treatment 
because of the high absorption of gelatin in this region. The absorp¬ 
tion of gelatin begins to rise at about 2200 A and becomes extremely 
marked before the limit of transmission of quartz is reached at 
1850 A. 

Schumann^ prepared plates satisfactory for photography of the 
region to 1200 A (General Reference 19.1). He tried various 
methods of preparing plates, including the coating of pure silver 
bromide on glass and the coating of the surface of thin gelatin films 
with silver bromide. In his final process, the one still used today 
in the manufacture of Schumann plates, an emulsion is formed in 
which the proportion of silver bromide to gelatin is quite high. After 
sensitization by heating, this emulsion is dried and washed with water. 
The emulsion is then dissolved in water to a high dilution, flowed 
onto the glass plates, and allowed to settle. After the suspension has 
settled, the extra fluid is poured off and the remaining emulsion is 
dried. Schumann plates are, if properly prepared, responsive to the 
shortest wavelengths which can be photographed. The emulsions are 
apt to be somewhat nonuniform, however, and Schumann plates are 
therefore not well adapted to photographic photometry. 
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Plates prepared for the photography of positive rays have a high 
proportion of silver bromide to gelatin (although not so high as in 
Schumann plates) and have been used in ultraviolet spectroscopy 
General Reference 19.3). Such plates are manufactured in England 
by Ilford, Ltd., and in the United States by the Eastman Kodak Com¬ 
pany. A method of sensitizing ordinary plates to the vacuum ultra¬ 
violet region was developed by Duclaux and eleantet,*’^^ in which most 
of the gelatin is eaten away from the emulsion by sulphuric acid, 
leaving a surface layer in which silver bromide is highly concentrated. 
They also tried other methods of digesting away the gelatin, including 
enzyme digestion, but none of these were as successful. The plates 
produced by sulphuric acid digestion have high sensitivity, but the 
emulsion is cpiite fragile, and this method of processing plates has 
not been used extensively. 

Duclaux and JeanteU^ also sensitized plates by coating them with 
thin layers of oil that absorbed energy in the vacuum ultraviolet range 
and converted it into fluorescent radiation in the near ultraviolet and 
visible region. Lyman used such plates for vacuum ultraviolet spec- 
troscopy to 500 A (General Reference 19.1). Many types of ma¬ 
chine oils and other mineral oils are satisfactory for this purpose. 
Since the fluorescent radiation that results in exposure of the emulsion 
is comparatively constant in spectral quality for dift'erent regions of 
excitation, plates treated in this manner show comparatively uniform 
spectral response throughout the range in which the oil absorbs.^^ 
The oil must, of course, be washed off with a suitable solvent after 
exposure prior to develo])raent. 

It is somewhat difficult to coat plates with oil uniformly in the 
laboratory, and some variation from plate to plate is to be expected. 
Eastman spectroscopic plates are available coated with an organic 
fluorescent material that is washed off with ethylene chloride after 
exposure and prior to development. These plates show somewhat 
greater uniformity than oiled emulsions, but even they are subject to 
a certain amount of variation. Eastman ultraviolet-sensitized plates 
may be obtained in emulsions of various speed, contrast, and grain 
size. 

No coated plates appear to have as high resolving power as the best 

Duclaux and Jeantet, J. de Phi/.'f. et Rad., 2, 154 (1921). 

G. R. Harrison,./. Opt. Sac. Am. and Rev. Sci. Inst., 11, 113, 341 (1925). 

G, R. Harrison and P. A. Iveighton, J Opt. Soc. Am., 20, 313 (1930); 38, 899 
(1931). 
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Schumann plates, but their resolution is suflScierit for most applica¬ 
tions (General Reference 19.3). 

19.8. Nonphotographic Radiation Detectors. Photoelectric de¬ 
tection has been used in vacuum ultraviolet spectroscopy to a limited 
extent.Platinum makes a satisfactory photoemissive surface. 
If traces of gas are present, the pliotoelectric threshold of platinum is 
at about 3000 A, but if the cell is thoroughly outgassed, the threshold 
is shifted to about 1960 A. Such cells have the advantage for some 
applications of being sensitive only to the vacuum ultraviolet region. 

Thermoluminescent detection based on a method developed by 
Hoffmann^" has been used by Lyman.'*^ Copper film is coated with a 
mixture of calcium sulphate and a small amount of manganese sul¬ 
phate deposited from a water solution. The dried olates are heated to 
redness for a few minutes. Following such treatment, exposure of 
the plates to radiation longer than 1300 A causes them to store energy 
that is released as visible luminescence if the plates are subsequently 
heated to about 180®. For a permanent record, the luminescence 
may be photographed. 

Photochemical processes may be used for measuring the total 
radiant energy in the vacuum ultraviolet region. The formation of 
ozone from molecular oxygen, for which the quantum yield is 2, has 
been used for this purpose (General References 19.2 and 19.3). If 
oxygen is passed through an absorption cell exposed to radiation of 
the wavelength at which the intensity is to be measured, the amount 
of ozone formed in a given time may be determined chemically, and 
the total radiant energy involved in the reaction may be determined 
from the ozone yield. 

jil9.9. Accessories for Absorption Measurements. Absorption 
spectrophotometric measurements of organic materials in the vacuum 
ultraviolet region have been made with the use of a Spekker photom¬ 
eter (Chapter 14) equipped with fluorite optics. Direct methods of 
photographic photometry have been more generally employed. 

Absorption cells for gases or liquids for use in this region must, of 
course, be fitted with end plates of fluorite, lithium fluoride, or cal¬ 
cium fluoride. The absorption of the end plates then limits the 
working range to the Schumann region. The absorption of gases may 

W. M. Powell, Jr., Phys. Rev., 45, 154; 46, 43 (1934). 

" W. M. Preston, Phys. Rev. 57, 887 (1940). 

“ M. W. Hoffmann, Wied. Ann., 60, 269 (1897). 

L “T. Lyman, Phys. Rev., 48, 149 (1936). 
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also be measured by introducing the gas into the spectrograph itself. 
The pressure may be adjusted to give absorption of the desired 
magnitude for the path length involved. 

The absorption of solid materials has been investigated by coating 
them in thin layers on thin films of celluloid or collodion. With 
proper precautions as to the thickness of film, this method may be 
used throughout the Schumann region (General Reference 19.3). 

APPLICATIONS 

19.10. Atomic Spectra. By far the greatest number of investiga¬ 
tions in the vacuum ultraviolet region has been concerned with atomic 
spectra. This work is reviewed in the references listed at the end 
of this chapter. 

Atomic spectra have been studied both in emission and absorption. 
For many atoms, the second and higher spectra (corresponding to 
singly and multiply ionized atoms) occur principally in this region of 
the spectrum. Vacuum ultraviolet spectroscopy has therefore per¬ 
mitted the study of energy transitions not accessible in any other 
region. The tenth and higher spectra (representing ninefold and 
higher states of ionization) have been observed for many of the 
elements, and for copper the nineteenth spectrum (corresponding to 
eighteenfold ionization) has been photographed. Atomic absorption 
lines corresponding to transitions from completed shells have been 
observed in the vacuum ultraviolet, particularly by Beutler (General 
References 19.2 and 19.3). These correspond to X-ray spectra, except 
that the multiplicities are more easily observable and therefore repre* 
sent an interesting transition from optical to X-ray spectra. 

19.11. Wavelength Standards. The earliest wavelength stand¬ 
ards in the Schumann region were those of the emission lines in the 
molecular spectrum of hydrogen. Schumann photographed the 
emission lines of molecular hydrogen with a fluorite prism spectro¬ 
graph to about 1270 A. Lyman, however, was the first to measure 
the wavelengths of these lines. Using a concave grating at normal 
incidence, he measured the wavelengths of a large number of lines 
(General Reference 19.1). By comparing his plates with Schumann’s 
maps, Lyman determined by interpolation the wavelengths of all the 
rest of the hydrogen emission lines that had been observed up to that 
time. His table of lines served as the standard of wavelengths for 
the vacuum ultraviolet for many years. 
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More recently/"^’ computed wavelengths of the spectrum lines of 
neutral atomic hydrogen and of singly ionized atomic helium have 
been used as wavelength standards in the vacuum ultraviolet. Wave¬ 
lengths so computed from formulas for spectral series (§ 9.8 and 
Chapter 10) have a high degree of accuracy. Especially for helium, 
these computed wavelengths extend into regions much shorter than 
those in which accurate wavelength determinations can be made by 
normal-incidence grating spectrographs. 

One method that has been used extensively for standardizing the 
wavelengths of emission lines of various elements in the region from 
2000 to 160 A is to determine the wavelengths of these lines by com¬ 
parison of their higher-order spectra with the first-onler spectrum of 
the iron lines in the visible and ultraviolet (General References 19.2 
and 19.3). Difficulties are encountercnl in this method because of the 
differences in the positions or profiles of lines in different orders, or 
of lines arising from illumination of the grating in slightly different 
aspects by two different sources, the so-called “errors of coincidence.’’ 
The second difficulty is overcome by exciting the lines of the com¬ 
parison substance in the source used to excite lines of the substance 
under investigation, the two spectra being photographed simulta¬ 
neously. The first difficulty may be overcome by app)lication of the 
combination principle (Chapter 10 and General Reference 19.3). 
Successive applications of the combination principle permit the exten¬ 
sion of standard determinations to very short wavelengths. 

Interferometric methods have been used for the precise determina¬ 
tion of wavelength standards in the vacuum ultraviolet,^® but only 
to a limited extent (Chapter 20). 

19.12. Molecular Spectra. Molecular spectra have been studied 
in the vacuum ultraviolet both in emission and absorption. The 
spectra of many polyatomic molecules and diatomic molecules or 
molecular ions have been investigated. The literature has been 
reviewed by Sponer.^^ 

In general, the vibrational structure, but not the rotational 
structure, is resolvable in such spectra, though even the vibra- 


^ F. Paschen, Preuss. Akad. Wiss. Berlin Ber., page 662. 

W. G. Penney, Phil. Mag., 9, 661 (19S0). 

D. L. MacAdam, Phys. Rev., 50, 185 (1986). 

H. Sponer, Molekiilspekfren und ihre Anwendung auf chemische Problems^ Berlin: 
Julius Springec, 1986. 
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tional structure is sometimes so complicated as to appear continuous 
Whether or not spectra will be observed in a particular region of the 
vacuum ultraviolet for a particular molecule depends on the magni¬ 
tude of the energy changes involved in transitions between possible 
electronic energy states. Particularly in molecules in which a 
closed outer shell is formed in the unexcited state, the transition to 
the first excited state is quite high and may give rise to bands in the 
vacuum ultraviolet region. However, all molecules without exception 
absorb somewhere in the vacuum ultraviolet. 

Many organic compounds of biochemical interest have their princi¬ 
pal absorption in this region. Some endeavor has been made to 
investigate such spectra, particularly from the purely empirical point 
of view, but the field has not been studied extensively. 

19.13. Miscellaneous Applications. Electronic transitions in 
solids are of spe(*ial interest from the standpoint of the theory of the 
solid state. Soft X-ray spectra have been used for studying such 
transitions, but except for some of the technical difficulties involved, 
there are advantages in the use of the vacuum ultraviolet region 
from about 300 to 100 A. Data so obtained are useful in theoretical 
explanations of the transmission and absorption bands of dielectrics, 
and of the phenomena of photoconductivity, phosphorescence, and 
fluorescence. 

Observations of emission spectra in the vacuum ultraviolet have 
been useful in astrophysical studies in explaining unusual types of 
spectra observed in nebulae and stars. Emission spectra of nebulae 
associated with hot stars are assumed to arise from excitation by 
ultraviolet of very short wavelengths coming from the stars. By 
observing the intensities of the Balmer emission lines of hydrogen, the 
total intensities of the ultraviolet continua of such stars beyond 
912 A have been estimated. From such estimates, it has been 
inferred that the blackbody surface temperatures of these stars reach 
values as high as 100,000®K. Vacuum ultraviolet studies have also 
helped to explain the energy transitions giving rise to many of the 
lines in the spectra of stars and nebulae. 

The photochemical and photobiological effects of ultraviolet radia¬ 
tion in the Schumann region are quite marked. Several photo¬ 
chemical reactions have been studied in this region. The bactericidal 
effects of Schumann radiation have also been investigated, as well as 
the lethal effects of such radiation on other types of cells. 

These miscellaneous applications of vacuum ultraviolet spectros- 
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copy are discussed in greater detail in General Reference 19.3, which 
gives considerable additional bibliographical material. 

General References 

19.1. T. Lyman, Spectroscopy of the Extreme Ultraviolet, New York: Long¬ 

mans, Green & Co., Inc., 19^28. 

19.2. H. Bomke, Vacuumspektroskopie, Leipzig: J. A. Barth, 1937. 

*'9.3. J. C. Boyce, “Spe(!troscopy in the Vacuum Ultraviolet,” Rev. Mod. 
Phys.y 13, 1 (1941). 



CHAPTER 20 


Interferometric Spectroscopy 


Two SPECIALIZED TYPES OF 8PECTHOSCOP1C piiOHLEMB require in¬ 
struments having resolving powers greater than those provided by 
ordinary spectroscopes. In the first, of which hypcrfine and isotope- 
structure studies involving the atomic nucleus are typical, it is de¬ 
sired to separate very close and narrow lines that at medium resolution 



Fig. 20.1. Hyperfine structure of the green line Hg-5461A, after R. W. Wood. 

appear as single lines. In the second, it is desired to measure wave¬ 
lengths as precisely as possible; and the narrower and more highly 
resolved a line, the more closely can the position of its intensity 
maximum be determined. 

A densitometer tracing of the hyperfine structure of the green 
mercury line 5461 A, as photographed in the sixth order of a 
15,000-line-per-inch plane grating by R. W. Wood ^ is shown in 
Fig. 20.1. Though this line appears sharp and single in ordinary 

1 R. W. Wood, Phil Mag,, 8, 205 (1929). 
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spectroscopes, it is seen actually to consist of a large number of 
components, whose origins have been elucidated by Schuler and 
Schmidt.^ This multiplicity of lines arises from the fact that each 
isotope of mercury, of which a number exist in nature, emits light of 
a slightly different frequency, while in addition the odd-numbered 
isotopes emit lines corresponding to this transition which show 
hyperfine structure. 

The complex structure shown in Fig. 20.1 can be observed only in 
light from a cooled mercury arc run under low current. In an 
ordinary arc the lines are so broadened that they merge into a single 
line. Thus when the ultimate in resolution is required, special 
attention must be given both to the source emitting the light to be 
resolved and to the spectroscope resolving it into lines. 

Four principal types of instruments are available to give resolving 
powers in excess of 200,000. These are the large diffraction grating 

having more than 10 cm of ruled 
width, the Lummer-Gelircke plate, the 
Fabry-Perot etalon, and the Michelson 
echelon as put into more practical and 
useful form by Williams. All of these, 
including the grating, may be classed 
as interferometers, since they produce 
their high resolution by the interfer¬ 
ence of from 20 to 200,000 beams of 
light into which retardations ranging 
from 500,000 wavelengths down to 1 
are introduced. These various high- 
resolution spectroscopes are compared in § 20.3 and are described in¬ 
dividually in later sections. 

20.1. Line Broadening and Its Causes. No spectrum line is truly 
monochromatic but consists of a distribution of intensity as a func¬ 
tion of wavelength similar to that shown in Fig. 20.2. A so-called 
“sharp” line emitted by an electric arc in the visible spectrum is 
usually at least 0.03 A wide. Since the actual breadth of a line is 
somewhat indeterminate, it is conventional to use the half-intensity 
breadth 6, the breadth at the intensity level which is half that at the 
maximum. From the Rayleigh criterion (§ 2.2 and 6.2) it follows that 
two lines of equal intensity and similar shape will be resolved when 
separated by approximately 1.2 times their half-intensity breadth. 

® H. Schuler and Th. Schmidt, ZeUachr.f, Pkys., 98, 239 (1935). 



Fig. 20.2. Typical line shape 
illustrating half breadth, 6. 
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In an actual spectrogram the observed shape of a line indicates the 
variation of its density with wavelength. The true intensity dis¬ 
tribution may be found by using one of the photometric methods dis¬ 
cussed in Chapter 13. This distribution is influenced by the resolving 
power of the spectroscope used, which may conveniently be expressed 
in terms of ‘'apparatus half breadth,by the thickness of the emitting 
layer and the degree of absorption by atoms or ions in that layer, by 
such physical conditions of the emitting system as pressure and 
temjierature, and by the structure of the atom itself. 

The natural half breadth of a spectrum line, that is, the minimum 
half-intensity breadth obtainable under any conditions, depends on 
the internal structure of the atom from which it is emitted; it ranges 
from about 0.0001 A for most lines to much larger values in special 
cases. Usually this natural half breadth is negligible compared with 
the broadening introduced hy external factors The magnetic 
moment of the nucleus produces a hyperhne structure or splitting of 
the line' into a number of components, and mixtures of isotopes 
similarly produce multiple lines, but these contribute to line broaden¬ 
ing only wlu‘ii other factors cause the components to merge into a 
single pattern. 

The temperature motion of an emitting atom or molecule gives rise 
to Doppler broadening (§ 10.7) because of the random variations of 
velocity possessed by the emitters in the line of sight. Since this 
type of broadening varies directly as the square root of the absolute 
temperature and inversely as the square root of the mass of the 
emitting particle, it can be reduced greatly by using lines emitted by 
heavy atoms and by exciting them at low temperatures or in an 
atomic beam. The Doppler broadening of a line emitted by a 
hydrogen atom at 3000°K may amount to several tenths of an 
angstrom. 

Pressure broadening, which results from collisions of the emitting 
atom with more or less inert surrounding atoms, is likely to be not 
more than 0.001 A per centimeter of pressure for the lower members 
of a spectral series. Since the stationary states that involve the 
outer reaches of the atom are more seriously affected by collisions 
than those farther in, the higher members of a series show greater 
pressure broadening, coupled with shifts in wavelength arising from 
this cause. 

Resonance broadening results when an atom is immersed in a dense 
cloud of atoms of its own kind with which strong interactions take 
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place, forming temporary quasi molecules. In lower members of a 
series resonance may broaden a line by angstroms or even hundreds 
of angstroms; this effect accounts for the great breadths sometimes 
observed even at moderate pressures in the sodium D lines and in 
the equivalent lines of ionized calcium. 

Small magnetic fields originating within and outside the atom give 
rise to an incipient splitting of spectrum lines caused by the Zeeman 
effect and thus influence broadening. Electric fields similarly produce 



Stark-effect broadening. There¬ 
fore high current densities, great 
ion densities, and strong eh^ctric 
and magnetic fields must be avoid¬ 
ed if narrow lines are to be pro¬ 
duced. 

Finally, the narrowest lines are 
produced by the thinnest emitting 
layers of luminous material. As 
the light passes through the emit¬ 
ting medium the shape of each line 
gradually changes, the center being 
built up less rapidly than the outer 
edges due to self-absorption, and 
the line gradually becomes wider 
and flatter.*^ 

Tolansky^ has given an exten¬ 
sive discussion of the causes of 


Fig. 20.3. Geissler tube immersed line broadening and of the produc- 
in liquid air for cooling. D, Dewar Qf narrow lines from special 

vessel; C, capillary for discharge; 

window; M, front-surface mirror; SOUrceS. 

C, condensing lens. 20.2. Line SouTces for High- 

Resolution Spectroscopy. The 
above discussion indicates that to obtain the sharpest lines it is 
desirable to select lines of low natural breadth emitted by heavy 
atoms of single isotopic elements having zero nuclear moment, and 
to excite these with low current densities, at low temperatures and 
pressures, in thin emitting layers. Almost all of these conditions lead 
in the direction of reducing intensity, and to arrive at a useful light 
source it is necessary to compromise some of the above factors in favor 


* See J. C. Slater, Phys. Rev,, 25, 783 (1925). 

* S. Tolansky, General Reference 20.4, pages 19-85, 
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of others. The 5461 A line of mercury isotope 198 is a suitable line^ 
when emitted under carefully controlled conditions. 

A Geissler discharge, in a permanent gas as distinguished from a 
vapor such as mercury, can be cooled with liquid air or other liquids 
to very low temperatures. Krypton tubes can in this way be made 
to give extremely sharp lines whose wavelengths can be measured to 
1 part in 50 million. A typical arrangement for cooling a Geissler 
discharge is shown in Fig. 20.3. 



Fig. 20.4. Typical high-frequency oscillator circuit for the excitation of the 
electrodeless discharge. The oscillator frequency will be roughly 10 mega* 
cycles/sec when the inductances consist of about 10 turns each of about io 
diameter. 

The electrodeless discharge® can be made to emit very narrow lines, 
since it can be operated at extremely low pressures, and thin luminous 
sheets can be excited. Since external electrodes can be used, the 
making of suitable discharge tubes, preferably of fused silica, is 
simple, and contamination of contents is reduced. A low pressure of 
inert gas such as argon may be included to initiate the discharge, and 
a heavy metal can then be excited as its vapor pressure builds up. 
The gas pressure for maximum light intensity is usually rather critical. 
A typical oscillator circuit for high-frequency electrodeless excitation 
is shown in Fig. 20.4. 

The hollow-cathode discharge of Paschen already described in 

® J. H. Wiens, Vhys. Eev„ 70, 910 (1946); W. F. Meggers, Jour, Opt Soc, Am., 38, 
7 (1948). 

® L. Dunoyer, Compies Rend., 152, 592 (1911); L. and E. Bloch, Zeeman Verhan- 
delingen (1935), page 19; S. Tolansky and S. A. Trivedi, Proc. Roy. Soc. (London) 
A175, 336 (1940). 
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§§ 8.19 and 15.7 has been modified by Schiller^ to permit cooling and 
production of extremely narrow lines. A convenient form of this 
tube is shown in Fig. 20.5. 


L 



When the ultimate in line sharpness 
is required, the atomic beam source 
should be used. This source, devel¬ 
oped by Bogros® and by Dobrezov and 
Terenin^ (see also General Reference 
20.6), almost completely eliminates the 
Doppler broadening by ensuring that 
the emitting atoms have no velocity 
component along the direction of view¬ 
ing. As shown in Fig. 20.6, the mate¬ 
rial whose atoms are to emit light is 
vaporized in a small furnace, and atoms 
are ejected through two narrow slits so 
that a beam of atoms is formed. This 
beam can be excated by radiation, by 
electrons, or by another beam, to emit 
light that can be studied in a direction 
at right angles to the motion of the 
atoms. Various workers have in this 


Fig. 20.5. Diagram of the 
Schuler cooled hollow-cathode 
discharge tube. The cathode 
C is of metal such as brass or 


way produced spectrum lines so narrow, 
that resolving powers of several million 
were required to reduce the apparatus 


iron, and the tube T is of glass. 
The glasS“to-nietal seal S must 
either withstand refrigeration or 
else be kept warm enough, by 
separate heating, to maintain a 
vacuum-tight joint. A gas such 
as argon is circulated (entrance 
at 1, exit at 2) and the discharge 
occurs mainly in the crevice at 
3. A, anode; £), Dewar vessel; 
W, window; M, front surface 
mirror; L, condensing lens. 

lines that in the mid-range 
than 0.025 A, it is necessary 


half breadth below the natural half 
breadth of the lines. Atomic beam 
sources are relatively faint, however, 
and this difficult technique is to be 
used only when extremely narrow lines 
are needed. 

20.3. Selection of a Spectroscope 
of High Resolving Power. Wlien 
lines must be resolved which lie 
closer than 0.1 cm~^ apart, that is, 
of the spectrum are separated by less 
to use a spectroscope of high resolution. 


7 H. Schuler, ZeUschr.f, Phydh 35, 323 (1926); ibid., 59, 149 (1930). 

* A. Bogros, Comptes Rend., 183, 124 (1926) and Ann. d. Physique, 17, 199 (1932). 
® L. Dobrezov and A. Terenin, Naturwiss., 16, 656 (1928). 
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Resolving power, discussed in Chapter 2, wsls defined as Pr = X/dX. 
Pr for ordinary spectroscopes was found to range from 5000 to 200,000; 
in the present chapter we are concerned with values of Pr lying be¬ 
tween 200,000 and 5,000,000 or more. A concept which is sometimes 
more convenient to use than resolving power is the “limit of resolu¬ 
tion” da,* which expresses the wave number difference of the two clos¬ 
est lines of equal intensity that can just be resolved. Since Xa = lO”®, 

’-f - ^ mi) 

where a is the wave number, and the other symbols are as used 
throughout this book. Thus at 5000 A (20,000 cm"^) an instrument 



Fig. 20.6. Schematic diagram of an atomic beam source. 

having a resolving power of 500,000 has a limit of resolution of 
0.040 cm“h The resolving power of an instrument is likely to vary 
with wavelength, whereas the limit of resolution, which is a quantity 
of more fundamental interest, in certain instruments remains essen¬ 
tially constant over an extended wavelength range. 

Several grating spectrographs have been constructed having meas¬ 
ured resolving powers greater than 200,000, the upper limit thus 
reached lying between 400,000 and 600,000. When a good grating is 
available, it is probably most convenient when resolution in this range 
is desired, since it suffers less from overlapping orders than the other 
high-resolution spectroscopes, has a more extensive free spectral range 
(the wavelength interval covered by one order without being over¬ 
lapped by the previous and succeeding orders), has more nearly linear 
dispersion, and is probably less wasteful of light. The limitations of 
the grating at high resolution are discussed in § 20.4. 

If a grating cannot be used, a Fabry-Perot etalon is frequently 
found next best. In fact, this type of interferometric spectroscope 

* Tolanksy’s “resolving limit”; see General Reference 20.4, page 87. 
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(§ 20.6) is so superior to other types for most purposes that it seems 
probable that it will ultimately supersede them for all but a few 
special purposes. The etalon is cheapest, most readily available, 
most flexible, and freest from gho st lines, and can be made to give the 
highest resolution of all interferometers. Like the Lummer-Gehrcke 
plate and the echelon, its free spectral range is small, so for all but the 
narrowest patterns it must be crossed with a spectroscope of low 
resolution. Because the dispersion of the etalon varies rapidly, more 
involved calculations are required to reduce wavelengths determined 
with it than with other interferometers except the Lumraer plate, but 
this difficulty has been considerably reduced by recent computational 
devices. 

The Lummer-Gehrcke plate (§ 20.5) is almost outdated. Though 
only slightly more expensive than the etalon, it is much less flexible. 
For a long time its greatest advantage was its theoretically higher light 
efficiency, but recent improvements in coating of etalon plates have 
brought the two very close together in this regard. 

The reflection echelon (§ 20.13) is expensive and difficult to j)roduce 
and is as inflexible as the Lummer plate. It has the advantage of 
giving wavelengths by a simple linear reduction process, and theo¬ 
retically it can be used throughout the spectrum, like the diffraction 
grating. Actually, its use in the vacuum region, where of high- 
resolution interferometers it alone appears usable, has been delayed in 
practical realization by the difficulty of producing plates thin enough 
to give sufficiently low orders at short wavelengths to avoid difficulties 
due to overlapping of orders. Its use is recommended only when a 
Fabry-Perot etalon will not serve or when it is needed to check wave¬ 
lengths obtained with the etalon, in which somewhat tedious phase- 
shift corrections enter. The echelon produces disappointingly small- 
scale spectra unless lenses of very long focal lengths are used with it. 

ISxtreme resolution can be obtained by using two Fabry-Perot 
etalons in series, as demonstrated by Houston,^® or by using the 
Gehrcke-Lau^^ multiplex interference spectroscope, a pair of flat 
parallel-sided plates coated on both sides, so that each is an etalon in 
quartz or glass rather than in air. These complex interferometers 
have not attained wide use, probably because a simple Fabry-Perot 
etalon, when properly constructed and crossed with a simple spec* 

W. V. Houston, Fhys, Rev., 29, 478 (1927). 

E. Gehrcke and E. Lau, Zeitschr, f. tech. Phys., 8,157 (1927); Phys. Zeitschr., 31, 
973 (1930); E. Lau and E. Ritter, Zeitschr.f. Phy&ik, 76, 190 (1932). 
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troscope, gives all the resolution and free spectral range needed for 
the narrowest spectrum lines yet produced. Meissner^^ has used 
etalons up to 20 cm separation, giving orders of interference up to 
800,000 and theoretical resolving powers of more than 25,000,000. 

20.4. Limitations of Diffraction Gratings at High Resolutions. 
The diffraction grating, though not an amplitude-splitting inter¬ 
ferometer, with its rulings (up to 180,000 or more) produces from a 
single beam 180,000 or more diffracted beams that are caused to 
interfere. Except in the case of echelette gratings, only the orders 
from the first to the sixth are ordinarily used. Michelson ruled 
9.3 in. of mirror surface with approximately 10,000 lines per inch, and 
obtained in the sixth order of this grating resolving powers of about 
600,000, the highest yet claimed for a diffraction grating. Such 
resolution is ordinarily obtained only when a grating is used to produce 


Density 


Wovelength --- 

Fig. 20.7. Shift in center of gravity of a spectnun line as its density increases, 
due to two components (a) and (b) or a principal line and a satellite. 

faint pictures of strong lines, false lines from errors of ruling in the 
grating then being relatively weakened by the shape of the character¬ 
istic curve of the photographic emulsion. 

The satellite lines discussed in § 5.3 cause changes in the center 
of gravity of a spectrum line produced by a grating as the density of 
the line increases, as shown in Fig. 20.7, and this shift appears to set 
the limit to precision found in measuring wavelengths with gratings, 
as discussed in § 9.12. Gratings that may be useful for resolution of 
hyperfine structure often prove valueless for determining wavelengths 
to a precision greater than 0.005 A when lines of different intensities 

W, Meissner, Jour. Opt. Soc. Am.^ 31, 405 (1941); ibid.^ 32, 185 (1942). 
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must be simultaneously photographed. Under these circumstances 
it is found convenient to use an etalon or other interferometer, despite 
the necessity of separating overlapping orders by the use of crossed 
dispersions. 

An ideal interferometric spectroscope would be one having charac¬ 
teristics intermediate between the diffraction grating and the other 
three interferometric devices discussed in this chapter. Instead of 
using a large number of l)eams and a low order of interference, as in 
the grating, or a small number of beams and a high order number, as 
in the other interferometers, it would achieve a resolving power of, say, 
one million, by producing a thousand beams that interfered in ap¬ 
proximately the one-thousandth order. Such a device would have 
intermediate characteristics of spectral range and dispersion that 
would make it extremely valuable. It should preferably be produced, 



Fig. 20.8. Ray paths in the Lummer-Gehrcke plate interferometer. The prism 
is in optical contact with the plate. 

not by poorly controllable methods like the engraving of rulings on a 
grating but by controlled optical methods of the sort used in producing 
plate interferometers. 

The operation of the interferometers discussed in the following sec¬ 
tions will be more clear if the reader is familiar with discussions of the 
production of interference patterns of various types, as given in 
General References ^0.3 and 20.4. 

20.5. The Lmnmer-Gehrcke Plate. For many years the single¬ 
plate interferometer introduced by Lummer^^^ in 1901 and put into 
more practical form by Lummer and Gehrcke^^ in 1903 was the most 
commonly used type of interferometric spectroscope when high resolu¬ 
tion was required. Though still favored by a small number of work¬ 
ers with long experience in its use, it has yielded almost completely to 
the more flexible Fabry-Perot etalon for all but a few types of in- 

^ O. Lummer, Verh. Deuisch. Phys. Ges., 3, 85 (1901). 

O. Lummer and B. Gehrcke, Ann, d. Pf^sik, 10, 457 (1908). 
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vestijifation. It offers somewhat higher resolution for a given separa¬ 
tion of orders than the etalon, but it must be readjusted in angle of 
illumination for each new si)ectral region covered, so that its use is 
restricted to hyperfine structure or other studies requiring high resolu¬ 
tion over a restricted spectral range. 

The operation of the plate interferometer is shown in Fig. 20.8. 
Light entering the prism P is alternately reflected at an angle near 
the critical angle of internal total reflection from the two parallel 
surfaces of the plate, which is of glass or quartz. Twenty to thirty 
parallel beams are thus produced on each side of the plate, and if this 
light is focused with a lens, sets of fringes are formed on either side. 
The thinner the plate, the greater the range covered between orders; 
and the longer the plate, the greater the number of beams produced, 
and hence the higher the resolving power. In practice, plates up to 

Spectrograph 
slit 
L2 

Fig. 20.9. Optical arrangement in the external mounting of the Lummer- 
Gehrcke plate (L-G). When the plate is of crystalline quartz, a polarizer P is 
required to eliminate the effect of double refraction unless the plate itself is made 
to serve this purpose. 

20 cm in length are made, but it has not been found practicable to 
make them thinner than 3.4 mm. 

The plate is illuminated with parallel light and may be placed in 
the beam between the collimator and prism of a spectroscope, so that 
the dispersions will be crossed, as described by Schrammen.^^ Al¬ 
ternatively, the plate may be externally mounted as in Fig. 20.9. 
The latter method is generally preferred, since light scattered by dust, 
surface scratches, and internal imperfections does not affect the 
result; support and temperature control of the plate can be more 
readily carried out; and focal properties of the plate itself, because of 
flexure or nonparallelism of the two sides of the plate, can readily be 
compensated for by proper focusing of the lens. This should be an 
achromat or similar lens of good quality. 

^ A. Schrammen, Ann» d. Phynk, 83, 1161 (1927). 
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The Lummer-Gehrcke plate requires the highest optical workman¬ 
ship of any interferometer, since its surfaces must be worked, accord¬ 
ing to Tolansky,^^’ to ^ wavelength. Since the light beams may 
pass through as much as 80 cm of glass or quartz, this material must 
be of the highest homogeneity and uniformity. Glass plates can be 
used in the visible only and may be considered as almost outdated. 
Crystalline quartz plates have the advantage of suitability for use 
over the entire quartz range from 3 g to ^^000 A; and by using the 
extraordinary ray, very high reflection coefficients are available with 
internal total reflection throughout the spectrum. The instrument is 
thus theoretically^ more efficient in the use of light than is the Fabry- 
Perot etalon, in which rnucli light is lost by absorption in the metallic 
reflecting films. This advantage has been diminished in recent years 
by the improved films developed for coating etalon plates (§ 20.8) 
and seems likely to decrease even further in the future. 

It has been emphasized by Tolansky^^ that the Lummer-Gehreke 
plate is not a Fabry-Perot etalon used at grazing incidence, because 
the dispersion of the glass or quartz used plays an important part in 
the resolution obtained. The dispersion obtained depends on the 
angle of incidence and the optical constants of the plate material, and 
not on the dimensions of the plate. The thinner the plate, however, 
the greater the order separation. 

The Lummer-Gehreke plate is particularly sensitive to temperature 
fluctuations and to mechanical flexure. It must be held to a tem¬ 
perature variation of not more than 0.05°C if a displacement or 
broadening of more than yotf order is to be avoided. Unless the plate 
is carefully made and controlled, ghost images will appear. Owing 
to the fixed form of the plate it is necessary to use two or more Lum- 
mer plates of different thicknesses to unravel overlapping orders 
where broad patterns are being studied. All in all, the Lummer- 
Gehreke interferometer offers little that cannot be obtained more 
cheaply and easily with a Fabry-Perot etalon having reflection coat¬ 
ings of fairly high efficiency. The reduction of fringes is no less 
complicated than with the latter instrument. The reader is referred 
to General Reference 20.4 for the details of pattern reduction. 

20.6. The Fabry-Perot Etalon. This most widely used type of 
interference spectroscope was developed by Fabry and Perot^^ in 
1897. It consists of two parallel partially reflecting plane surfaces, 

S. Tolansky, General Reference 20.4. 

Ch. Fabry and A. Perot, Ann. de Chim, et de Phys., 12, 459 (1897). 
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arranged as in Fig. 20.10 to split a beam of light into a large number 
of beams of diminishing intensity, which are then caused to interfere. 



Pig. 20.10. Schematic diagram of the Fabry-Perot etalon. 


The interferometer may, but need not, be illuminated with parallel 
light, and the fringes, being fringes of equal inclination of rays, are 
produced at infinity. By means of a lens, which should be of high 
quality, they can be focused on the slit of a spectroscope with which 
the dispersion of the etalon is to be crossed. The fringes formed are 
circular as in Fig. 20.11, and the slit is placed across a diameter. 

The fundamental equation of the etalon^® in air or vacuum can be 
expressed in the form 


, 2f , 2f/)2 

m = 7«o + e = -+ (20.2) 

where m is the order of interference 
at the center of the ring system, i is 
the thickness of the etalon spacer, 

D is the diameter of a ring or inter¬ 
ference maximum corresponding to 
wavelength X, and / is the focal 
length of the lens used to project the 
fringes; Wo is the integral order of 
interference at the position of the 
first maximum measured by Do, the 
diameter of the first ring, and e is 
the partial order of interference be¬ 
tween this and the center. The 
highest order is at the center, and 
succeeding rings are each of one order less than their preceding 
neighbor. The closer together the two etalon plates, the broader 
and more widely separated will the fringes be. 



Fig. 20.11. Image of the circular 
fringes from a Fabry-Perot etalon. 
This image is projected on the slit 
of the spectrograph so that the slit 
lies on a diameter of the circular 
fringes. 


See K, W. Meissner, Jour. Opt, Soc. Am., 31, 405 (1941). 





560 


INTERFEROMETRIC SPECTROSCOPY 


[§20.7 


The resolving power of an etalon depends in a complex manner on 
reflecting powers and absorptions of the reflecting surfaces, which 
control the number of interfering beams, and on the thickness /, which 
controls the order of interference. Meissner^® gives the approximate 
formula 


Pr = 


2.987wr* 
1 - r 


(^0.3) 


where m = ^t/X and r is the reflecting power of the film used. By 
properly coating the plates (§ 20.8), 30 or more interfering beams 
can be produced. To reach a resolving power of 1,000,000 it would 
then be necessary to work in the 33,000th order, and at wavelength 
5000 A, would be 16.5 mm, so that a spacer 8.25 mm thick would be 
required. In practice, the limit of resolution thus far obtained with 
the etalon is about 0.0025 cm~b 

The dispersion in a fringe pattern varies from infinity at the center 
of the pattern to smaller values in accordance with the formula 


(U ^ 
dX i)X 


(20.4) 


The disf)ersion is thus seen to vary inversely with ring diameter and 
is otherwise inde})endent of the etalon gap t. With a ring diameter 
of 2 cm and a lens of focal Icngtli 50 cm, the dispersion at 5000 A is 
seen to be 5 mrn/A, and the plate factor 0.2 A/mm. At 2000 A, on 
the other hand, the dispersion is .? greater for a ring of the same 
diameter. 

The free spectral range between orders is given by the formula 


in angstroms, or 



(20.5) 

( 20 . 6 ) 


in wave numbers. Thus in the case given above, if ifc = 1 cm, F is 
0.12 A, 0.50 cm~b or 0.625 mm. In terms of wave-number differ¬ 
ences it is constant throughout the spectrum, depending on etalon 
thickness only. 

20.7. Operation and Design of the Etalon. Although fixed etalons 
consisting of slabs of glass or quartz with plane-parallel sides both 


** K. W. Meissner, ibid,, page 415. 
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coated with thin metallic films have been used, these suffer from the 
disadvantages of the Lummer-Gehrcke plate plus other limitations. 
The flexibility given by variable plate separation is lost, the dispersion 
of the optical material in the interferometer enters in such a way as 
to make precise wavelength determinations more difiScult, and the 
efficiency of the device as an interferometer is lowered. It is, how¬ 
ever, convenient to have an interferometer that remains permanently 
in adjustment. 

A more common form consists of two plates of glass or quartz 
separated by means of an etalon spacer that holds them a distance t 

apart, as shown in Fig. 20 . 12 . The inner 
faces of the plates are made parallel to 
wavelength or better. The first face, marked 
Fi in Fig. 20 . 12 , need be plane to one or two 
wavelengths only and can be of condenser- 
lens quality, but it should be tilted at from 3 
to 30' away from parallelism with F 2 and F 3 
(5' is a good value) so that secondary images 
will be thrown on one side. The fourth 
face, F 4 , should be inclined the same amount 
and should be plane to within one-fifth 
wave, that is, better than good lens quality. 

If desired, the two plates can be held in 
mountings, one of which is arranged to be 
moved by a screw on parallel ways, so that the thickness t can be 
varied over wide limits. This arrangement gives great flexibility, 
but keeping the plates accurately parallel without frequent readjust¬ 
ment is diflScult, and in general it is found more convenient to have 
available a series of fixed spacers of various thicknesses. 

For general use at least three spacers should be provided. These 
should not be exact simple multiples of each other. Thicknesses of 
3 , 7 . 5 , and 20 mm will be found convenient for most work, these 
being supplemented when possible by spacers of 5,10, 25, 50, 100, and 
200 mm for special work. When working in the range 10,000 to 
2000 A, one should remember that at the long-wave end of the spec¬ 
trum a 50-mm spacer is equivalent to a 10 -mm spacer at the shorter 
end. 

Plates of glass can be used only in the visible and very near infrared. 
Plates of quartz should be cut perpendicular to the crystalline axis, 
one of left-handed and one of right-handed quartz, to avoid double 


Plate Spacer Plate 



Fig. 20.12, A common 
form of the Fabry-Perot 
etalon using a fixed 
spacer. 



562 INTERFEROMETRIC SPECTROSCOPY [§20.7 

refraction. Such plates can be used between 3 /x and 2000 A. It 
seems probable that plates of calcium fluoride could be produced for 
use in the vacuum region down to 1200 A, but the optical difficulties 
of working this soft material to closer than of a fringe of yellow 
light would be great. Fused quartz plates would be ideal for the 

region of waves longer than 2400 A, but 
the second plate must be homogeneous to 
a degree not often found in this material. 

The plates, which are usually round, 
may be of any size between 25 and 100 
mm in diameter, the larger plates being 
somewhat more useful since, if the full 
aperture is not needed, those areas of the 
plate can be selected which have surfaces 
most nearly plane-parallel. To give good 
mechanical rigidity, the plates should be 
not less than one-sixth as thick as their 
diameter, and preferably one-fourth. 

The etalon spacers should consist of 
rings having three bosses on each side (b 
in Fig. 20.12), formed of a mechanically 
rigid material of low thermal expansion, 
such as fused quartz or invar. The bosses 
are sometimes rounded so as to make 
contact with the plate over a small area 
only, but Meissner^^^ has shown that when 
optically flat surfaces of from 1 X 1 to 
1.5 X 1.5 mm are formed accurately in the 
same plane and when optical contact is made between these bosses 
and the cleaned metal-free surface of the plate, the interferometer 
will stay in adjustment over long periods of time. 

The two plates with their spacer are placed in a loose-fitting mount¬ 
ing arranged so that gentle spring pressure can be applied exactly 
opposite the positions of the bosses on the etalons. Such a mounting 
is shown in Fig. 20.13. The mounting should make possible the 
observation of contact fringes against each boss, to ensure firm 
optical contact. It should be held in good mechanical adjustment 
but should be arranged so that it can be rotated about a vertical axis» 


O 



Fig. 20.13. Cross section 
of mounting for the etalon. 
1, Replaceable metal spacer to 
allow different etalon thick¬ 
nesses; 2, metal end assem¬ 
bly of mounting; 3, fused 
quartz spacer; 4, Fabry- 
Perot plates; 5, screws for 
maintaining gentle spring 
pressure on the plates. There 
are three of these screws, 
spaced at 120 deg. on each 
metal end assembly. 


K. W. Meissner, ibid,, page 406. 
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tilted about a horizontal axis normal to the optical axis, raised or 
lowered, and moved sideways. It is convenient to have the etalon 
case rest on a point, line, and plane table so that it can be removed 
and quickly replaced in the same position. 

When any but the shortest exposures are to be made, provision is 
needed for keeping the etalon at a constant temperature and the air 
within it at constant pressure. The mounting shown in Fig. 20.14 
is convenient for this purpose. Two quartz windows are provided, 
which respectively should be of the quality of the lenses used next to 
them. The whole container can thus be sealed and kep)t at constant 
temperature with circulated thermostateid water. The case is made 
of heavy metal to give good thermal lagging and to ensure rapid 



Fig. 20.14. Outer container and mounting for the etalon. 


temperature equilibrium. For exposures of less than 10 min these 
precautions are not necessary, but the interferometer should always be 
allowed to come to equilibrium temperature before use after handling. 

20.8. Plate Coatings for the Etalon. The etalon interferometer 
is somewhat slow and wasteful of light, owing to absorption at the 
coating as each beam is separated into a transmitted and a reflected 
beam. Transmission of a few per cent of the light at each reflection, 
and reflection of the remainder, is desired, with no absorption. In 
actual films, the thicker the film (up to a certain limit), the greater 
the reflection but also the greater the absorption. The eflSciency of 
the etalon depends greatly, then, on the character of the metallic 
film selected and on its thickness. 
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The materials most frequently used in the past have been silver, 
gold, platinum, and aluminum. Of these, silver is the best between 
10,000 and 5000 A, and aluminum between 5000 and 2000 A. The 
new techniques of multiple-layer evaporation, as developed for inter¬ 
ference filters and other purposes, may lead to further improvements 
in efficiency of the etalon. 

It is found that silver coatings made by evaporation are superior 
to those laid down by sputtering, which in turn have higher efficiency 
than those put on by chemical deposition. Aluminum coatings are 
always put on by evaporation. Improvements have been reported 
as resulting from evaporating magnesium with the aluminum, and 
the Hochheim alloya secret composition of aluminum and silver 
with perhaps magnesium and other materials, has given high effi¬ 
ciency. Occasional reports of abnormally high efficiencies, received 
with some skepticism, may be due to multiple-layer interference 
effects. 

The optimum thickness of coating is extremely critical and must 
be carefully controlled. Tolansky-*^ has pointed out that a change in 
reflecting power from 85 to 87 per cent cuts the intensity of the fringes 
in half while improving resolution only 16 per cent. Reflecting 
powers in the range 80 to 90 per cent are the most useful. 

The proper thickness can be controlled to some extent during 
coating, by making provision for photoelectric measurement of the 
beam while the evaporation process takes place,^^ or by making re¬ 
sistance measurements on the film itself. A very sensitive means 
of measuring a pair of plates is to hold them nearly parallel close to 
the eye and observe the filament of a powerful incandescent lamp 
through them. When the plates are sufficiently parallel, multiple 
images of the filament will be seen; with a good pair of plates it 
should be possible to count 40 or more such images when a 60-watt 
bulb is used. 

In preparing plates, one should not overlook the fact that it is of 
little advantage to be able to resolve lines narrower than any that 
are produced in the source being studied. Great gains can often be 
made by coating plates more lightly than for the highest resolution; 
reducing resolving power by a factor of 10 may result in no loss of 

^ See R. Ritschl, Zeitschr.f. Phydk, 79, I (1932). 

^ See also H. W. Edwards, VhyH. Rev., 43, 205 (1933). 

^ S. Tolansky, General Reference 20.4, pages 98-113. 

** See General Reference 20.5. 
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actual resolution and yet may be accompanied l^y a very large gain 
in light transmission and an equivalent reduction in exposure time. 

20.9. Adjustment of the Etalon. Meissner^^ has described 
methods for rapid and correct adjustment of the etalon plates. A 
sheet of ground glass is placed in front of a cool mercury arc, and 
the etalon is set several meters in front of this. By relaxing the eye, 
which may be aided by using a low-power spectacle lens, and looking 
at the plates exactly perpendicularly, one can usually see the fringes. 
Adjustment of the various springs can then be made to center the 
fringes. When the plates are accurately parallel, movement of the 
eye from side to side across the field of view should result in no change 
in size or shape of the circular fringes. 

Adjustment is somewhat more diflScult for wide spacings; when 
the spacer is more than 50 mm thick, recourse should be had to the 
telescope method of Meissner.*^® 



Fig. 20.15. A typical spectrogram obtained by crossing the Fabry-Perot etalon 
with the Wadsworth mounting of a concave grating. 


20 .10. Crossing of Etalon Dispersion with That of a Spectro¬ 
scope. Because of overlapping of orders in an etalon, it is customary 
to cross its dispersion with that of a prism or grating spectrograph. 
Prism instruments have ordinarily been used, but the great improve¬ 
ments in speed of conca ve gratings have recently made grating instru¬ 
ments equally practical. A stigmatic spectroscope is required, 
however, since the interferometer fringe pattern is usually projected 
on the slit of the spectroscope by means of an achromatic lens or 
mirror. The rather wide slit of the spectroscope is adjusted to cut 
through the diameter of the fringe system, producing spectrograms 
like that shown in Fig. 20.15. 

See General Reference 20.3, page 415. 

“ K. W. Meissner, General Reference 20.3, page 415. 
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The interferometer can be illuminated by focusing an image of the 
source on the plates, as in Fig. 20.16, or by sending parallel light 
through it. The latter arrangement is preferred if the light intensity 
is great, since the interferometer is warmed more uniformly by the 
radiation; but where small sources are used, which must be greatly 
enlarged to fill the plate aperture, the difference is not great. The 
actual size of the fringe system depends on the focal length of the 
lens L or the equivalent mirror used, 500 ram being a useful focal 
length. 

A typical arrangement is shown in Fig. 20.16. Light from a stand¬ 
ard source IT, such as a neon discharge tube, a standard cadmium 
lamp, or a hollow-cathode discharge, is focused with an aluminized 
concave mirror M of 10 cm diameter and 20 cm radius of curvature, 
on the center of the arc or other source of light being studied. This 



Fig. 20.16. Optical system for the use of the etalon with a spectroscope 
(nonparallel illumination). 


focusing is done because of the necessity of illuminating the entire 
interferometer-spectroscope system similarly and simultaneously by 
light from the two sources being compared, to avoid differences in 
fringe shape. Light from both sources is then focused on the inter¬ 
ferometer by means of the achromatic lens L, and again on the col¬ 
limator of the spectrograph by means of the high quality achromat Q, 
This lens at the same time focuses the rings of the interferometer 
pattern on the slit S of the spectroscope. 

A somewhat simpler and more compact arrangement is to put the 
interferometer between the collimator lens and dispersing system of 
the spectrograph. This can be done with prism spectrographs or 
with grating spectrographs of low aperture only, since very large 
interferometer plates must be used unless the aperture of the system 
is to be cut down. However, here the different zones of the slit 
receive light from different parts of the light source; and if the source 
emits slightly different wavelengths, variations that are averaged out 
in the first method will be produced. The plates in this method must 
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l>e larger and more uniform than in the preceding one; for this reason 
the latter method is more often adopted. Other methods of illumina¬ 
tion are discussed by Meissner.^'^ 

20.11. Reduction of Etalon Patterns. The routine determination 
of wavelengths from etalon patterns is complex even though straight¬ 
forward. The [date is placed in a comparator, and settings are made 
on four or five fringes on either side of the center of a pattern. The 
order of interference e at the center of the pattern of the given line 
is thus determined by measuring the diameters D of successive rings, 
using Eq. (20.2). A group of fringe diameters for a single line is 
usually reduced by root-mean-square methods. The thickness of the 
etalon t having previously been measured as closely as possible with 
a micrometer, and the value of e having been determined for a stand¬ 
ard line, the nearest integral order of interference can be determined. 
Meissner^^ discusses various methods of reduction of the fringe 
[)atterns. 

It is found that the wavelength determined for a line lying at some 
distance in the spectrum from a standard line used for determining i 
will vary with the thickness of t used. This effect arises because of 
a wavelength dependency of the change in phase of light on reflection 
at a metallic surface. By measuring a line with two or more etalon 
spacers, preferably one having a large and one a small value of U the 
amount of this phase shift can be determined and a correction applied. 
For silver or aluminum plates, the correction needed may be as 
great as 0.01 A per 1000 A of separation. 

Since standard wavelengths are measured in air under standard 
conditions of pressure and temperature, whereas wave numbers are 
always referred to vacuum, it is necessary to have the air within an 
etalon at the proper temperature and pressure, or to introduce cor¬ 
rections for deviations. Since wave numbers are the fundamental 
quantities desired, it is probably most satisfactory to exhaust the 
etalon space and also the space surrounding the interferometer. 
Then wave numbers can be obtained directly from the reciprocals of 
wavelengths observed without the need for conversion tables involving 
the index of refraction of air. 

The standard conversion tables for air to vacuum are those of 
Meggers and Peters, 2 ® which have been incorporated in Kayser*s 


General Reference 20.S. 

** W. F, Meggers and C. C. Peters, BvU, Nat, Bur. Siandardst No. 14, 697 (1917). 
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Tabellen der SchwingungzahlenP These exact dispersion values have 
been called in question to some extent by later workers, especially at 
short wavelengths, but the matter is not yet resolved, and the tables 
are used as standard throughout the world. When interferometry is 
carried out in vacuum, these tables are needed only for converting 
to standard wavelengths in air, which are less fundamental than 
wave numbers. 

20 .12. Direct Determination of Wavelengths from Fabry-Perot 
Patterns. Probably because of the complex and tiresome computa¬ 
tions required for determinations of wavelengths by means of the 
etalon, fewer than 400 lines have been measured by this means in the 
history of spectroscopy, including all secondary wavelength standards. 
It has been desirable to give attention to simplified methods of wave¬ 
length determination from etalon patterns. Burns^® has described a 
special comparator that reads directly the squares of fringe diameters, 
thus eliminating the first stage of computation. Harrison^^ has con¬ 
structed a machine called the Winmac (wavelength interferometric 
measurement and computation) which carries out etalon computations 
automatically, permitting wavelengths to be read directly from dials 
as rapidly as the operator can set on the fringes. 

Winmac forms an attachment to Harrison’s automatic comparator 
(§9.11). Light from a projection lamp is sent through the plate 
being measured, and an enlarged image of the line pattern is thrown 
on a screen in front of the operator, by means of an optical system 
that gives variable magnification without distortion greater than 
1 part in 1000, between the limits 10 X and 20 X. On the screen is 
found a family of parabolic lines as shown in Fig. 20.17. By means 
of a handle, the screen can be moved up and down until a position is 
found where each vertical fringe of the line pattern is intersected by 
a parabola, and all should be so intersected at the same time. The 
partial order of interference € can then be read directly from a dial 
connected to the screen. 

The projection screen is prepared by first determining the constants 
in Eq. (20.2), arranged to include the magnification produced in the 
spectrograph. The magnification is automatically adjusted to vary 
with and thus one set of parabolas serves for all patterns on a plate. 

H. Kayser, Tabellen der Schwingungzahlen, Revised by W. F. Meggers. Edwards 
Brothers, Ann Arbor, Mich., 1944. 

K. Burns, Jour. Opt. Soc. Am., 19, 250 (1929). 

** G. R. Harrison, Jour. Opt. Soc. Am., 36, 644 (1946). 
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To obtain eight-figure precision of wavelength raeasurement it is 
necessary only to control the projection raagnification to 1 part in 
1000 , and this controlling is done mechanically by the machine. The 
automatic comparator gives wavelengths directly to five- or six-figure 
accuracy from the grating dispersion; these X-values are converted 
mechanically to wave numbers, and by means of gears set to the 
proper value of U the spacer thickness, they are converted again to 
orders of interference. The order m appears on an eight-figure dial, 
the last three figures of which may be compared directly with the dial 



Fig. 20.17. Family of parabolas for direct reading of €, the order of interference, 

in the Winmac device. 


giving c. Thus to measure a line the operator first sets the line pat¬ 
tern on a horizontal cross hair, which gives X, <r, and m to eight figures, 
of which only the first five are correct. The screen with its parabolic 
marks is then moved vertically until the fringes are intercepted, giving 
a value of e correct to three figures. The last three figures on the 
m dial are then turned slightly until they read the same value of €, 
whereupon the wave number and wavelength dials will also read 
correctly to seven or eight figures. 

Harrison and Anderson^^ have developed a photoelectric scanning 
attachment for the machine described above. This attachment gives 
€ in a fraction of a second, and hence X. 


“ Unpublished. 
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20.13. The Michelson-Williams Echelon. The echelon inter¬ 
ferometer was first envisaged by Michelson*'^’^ in the reflection form 
but proved too diflScult of realization in this form, and the somewhat 
inferior transmission echelon was the only one realized for several 



Fig. 20.18. The transmission echelon. 


decades. It consisted of from 20 to 40 glass plates of equal thickness, 
piled up as shown in Fig. 20.18. Ultimately W. E. Williams,work¬ 
ing with the firm of Adam Hilger, Ltd., succeeded in making a 
practicable reflecting instrument. By optically contacting fused 
quartz or silica plates and coating these with a reflecting layer of 

platinum, he was able to build up 
an interferometer in which the 
spacings between plates were held 
equal and the thicknesses of the 
plates were the same, to within yV 
fringe or better (Fig. 20.19). The 
optical requirements on the re¬ 
flection echelon are approximate- 
Fig. 20.19. The reflection echelon. ]y four times as great as on the 

transmission instrument, but it 
has the advantage of being usable at all wavelengths, and absolute 
wavelength values can be obtained with it. It is the most expensive 
and difiicult to produce of all interferometers, requires lenses or mirrors 
of very long focal length to bring its patterns up to useful size, and 
gives patterns in which intensity values may be greatly distorted. It 


^ A. A. Michelson, Astrophys. Jour., 8, 87 (1898); Proc. Am. Acad., 35, 111 (1899). 
«W. E. Williams, Nature. 127, 816 (1931); Proc. Phys. Soc. (London). 45, 699 
(1933). 







§20.14] INTEUFEflOMETRIC SPECTROSCOPY 571 

is inflexible, and if improperly constructed or supported may give rise 
to ghost images. It does not require a phase-change correction as 
does the Fabry-Perot, however, and is useful in supplementing that 
instrument for wavelength determinations. It has been recom¬ 
mended widely for use in the vacuum ultraviolet where no other inter¬ 
ferometers are available, but has not as yet proved very practicable 
in that region because of the thin steps needed for short wavelengths. 
D. L. MacAdam has carried out experiments with the instrument in 
the far ultraviolet. 

20.14. Optical Systems Using the Reflection Echelon. This 
interferometer, when used in conjunction with a spectroscope, must be 


Source 



Fig. 20.20. The Williams mounting of the reflection echelon. Light from the 
source falls on a high-precision slit S, which is situated near the focus but slightly 
off the axis of the multiple lens L, a high-quality achromat. Parallel light falls 
on the echelon, which is mounted in a barostated, thermostated chamber 
capable of fine orientation. The return beam is brought to a focus at the spectro¬ 
graph slit Stt. 


mounted in parallel light. Various methods of mounting have been 
described by Williams,'^^ Meissner,^^ and Tolansky.^® The most flex¬ 
ible mounting, that of Williams, is shown in Fig. 20.20. Either 
crossed or parallel dispersions can be used, since that of the echelon 
is so small as not to interfere with a spectrum of moderate complexity. 

Echelon spectra can be produced in either the single or two-order 
positions. To control this variability and to give a sensitive control 
over the exact order used, the instrument is commonly installed in 
an airtight case in which the pressure can be delicately controlled. 
Although the echelon is theoretically faster than the etalon when used 
in a practical optical system in a chamber enclosed with quartz 


^ General Reference 20.3, page 207. 
General Reference 20.4, page 231 et seq. 
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plates, Ritschl has found that an etalon of corresponding dispersion 
is faster. 

The dispersion of the reflection echelon is almost but not quite 
linear over a single order. According to a close approximation given 
by Meissner, 


dl _ f m 
dX s 


(«0.7) 


in mm/A dispersion along the plate, or 

dl ^ ^ 
(lx \s 


( 20 . 8 ) 


where t is the step thickness, f is tlie focal length of the projecting 
lens, and s is the width of a step. The dimensions s and t are usually 
about 1 and 7 mm, respectively, and 1700 mm is a reasonable value 
for /. From this value we obtain a dispersion of 4.76 mm A at 
5000 A, or a plate factor of 0.21 A/ mm. The dispersion increases 
linearly with plate thickness and the focal length of the lens used, and 
as the wavelength and step width are reduced. 

The resolving power of a reflection echelon is given by the usual 
formula Nrn. In the case above, with 40 plates, N is 40. The 
order of interference 2//X, or 14/5 X 10~^ is 28,000, so that the 
resolving power is 1,150,000, whereas the limit of resolution is about 
0.0125 cm 

The free spectral range between successive orders is given by 

F. - I’ (20.9) 


or in wave numbers ff, as for the etalon. Thus for the case given 
above, the range that can be covered at one setting (at 5000 A) 
without overlapping is 0.18 A, or 0.7 cm-^ From the dispersion 
given above, it will be seen that this value represents only about 
1 mm of plate length, which emphasizes the small scale of the patterns. 
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** See General Reference 20.3, page 204. 
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SKNSiTivE Lines of the Elements Akranged According to Elements* 


Wave¬ 

length 

Intensities 

Sensi¬ 

tivity 

Wave¬ 

length 

Intensities 

Sensi¬ 

tivity 

Arc 

Spk. [Dis.] 

j Arc 

Spk. [Dis.] 

A 18 Argon I 

Au 79 Gold 

8115.311 

7503.807 

7067.217 

6965.430 


[5000] 

[700] 

[400] 

[400] 

U2 

U4 

U3 

U3 

2802.19 

2675.95 

2427.95 

1 

250 ll 
400 R 

j 200 

100 

1 100 

U2 

Ul 



B 5 Boron 

Ag 47 Silver 

5465.487 

5209.067 

3382.891 

3280,683 

2437.791 

2246.412 

1000 11 
1500 R 
1000 R 
2000 R 

60 

25 

500 R 

rooo R 

700 R 
1000 R 

500 wh 
300 h.s 

114 

ITS 

U2 

Ul 

V2 

V3 

1 3451.41 

1 2497.73.3 
2496.778 

5 

500 

300 

30 

400 

300 

V2 

Ul 

U2 

Ba 56 Barium 


A1 13 Aluminum 


5777.665 

.lOO R 

100 R 

U2 





5.535 551 

1000 R 

200 R 

Ul 

6243.36 1 


100 

V3 

5519.115 

200 R 

60 R 

U3 

6231.76 

! 

30 


5424.616 

100 R 

30 11 

U4 

3961.527 

3000 

2000 

Ul 

4934.080 

400 h 

400 h 

V2 

3944.032 

2000 

1000 

U2 

4554.042 

1000 R 

200 

Vl 

3092.713 

1000 

1000 

U3 

4130.664 

50 r 

60 wh 

V3 

3082.155 

800 

800 

U4 

3891.785 

18 

25 

V4 

2816.179 

10 

100 

V2 

3071.591 

100 R 

50 R 

5 U5 

2669.166 

3 

100 

Vl 

23.35.269 

60 R 

100 R 


2631.553 


40 


2,304.235 

60 R 

80 R 



A.s 33 .Arsenic 











Be 4 Beryllium 


2898.71 

25 r 

40 






2860.452 

50 r 

50 


3321.343 

1000 r 

30 

U2 

2780.197 

75 R 

75 

U5 

3321.086 

100 


U3 

2456.53 

100 r 

8 

U4 

3321.013 

50 


U4 

2370.77 

50 r 

3 

,. 

3131.072 

200 

150 

V2 

2369.67 

40 r 

.. 


3130.416 

200 

200 

Vl 

2349.84 

250 R 

18 

U3 

2650.781 

25 


U5 

2288.12 

250 R 

5 

U3 

2.348.610 

2000 R 

50 

Ul 


* Compiled from a combination of empirical and theoretical data selected from the 
literature, and reprinted by permission from the M.LT. Wavelength TableVt G. R. 
Harrison, ed., published by John Wiley & Sons, Inc,, and the Technology Press, 
For the neutral atom, the most sensitive line (raie ultime) is indicated by Ul, and 
other lines by II2, US, and so on, in order of decreasing sensitivity. For the singly 
ionized atom, the corresponding designations are Vl, V2, and soon. In cases where 
Ul or VI is not given, the most sensitive lines lie outside the spectral range 10,000- 
2000 A. 
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Wave- 

Intensities 

Sensi- 

length 

Arc 

Spk.CDis.] 

tivity 


Bi S3 Bismuth 


4722.552 

1000 

100 


3007.710 

3000 hR 

2000 wh 

i:i 

2989.029 

250 wh 

100 wh 


2938.298 

300 w 

300 w 


2897.975 

500 WR 

500 WR 

U2 

2809.025 

200 w 

100 


2780.521 

200 w 

100 


2270.578 

100 R 

40 


2001.70 

300 R 

100 



Br 35 Bromine 


4816.71 


[300] 

V3 

4785.50 


[400] 

V2 

4704.86 

i 

[250] 

VI 


C 6 Carbon 


4267.27 


500 

V2 

4267.02 


350 

V3 

2837.602 


40 

V5 

2836.710 


200 

V4 

2478.573 

400 

[400] 

1:2 

2296.89 


200 



Ca 20 Calcium 


4454.781 

200 


U2 

4434.960 

150 


U3 

4425.441 

100 


U4 

4226.728 

500 R 

50 W 

U1 

3968.468 

500 R 

500 R 

V2 

3933.666 

600 R 

600 R 

VI 

3179.332 

100 

400 w 

V3 

3158.869 

100 

300 w 

V4 


Cb 41 Columbium 


4137.095 

100 

60 

U5 

4123.810 

200 

125 

IJ4 

4100.923 

300 w 

200 w 

U3 

4079.729 

500 w 

200 w 

U2 

4058.938 

1000 w 

400 w 

U1 

3225.479 i 

150 w 

800 wr 


3194.977 

30 

300 


3163.402 

15 

8 


3130.786 

100 

100 


3094.18$ 

100 

1000 

VI 



Intensities 


Wave- 



Sensi- 

length 

Arc 

Spk. [Dis.] 

tivity 


Cd 48 Cadmium 


6138.4696 

2000 

1000 


3610.510 

1000 

500 


3406.201 

1000 

500 


3403,053 

800 

500 h 


3261.057 

300 

300 


2748.58 

5 

200 


2573.09 

3 

150 


2312.84 

1 

200 


2288.018 

1500 R 

300 R 

U1 

2265.017 

25 .1 

300 

V2 

2144.382 

50 

200 R 

VI 


Ce 58 Cerium 


4186.599 

80 

25 


4165.606 

40 

6 


4040.762 

70 

5 


4012.388 

60 

20 i 



Cl 17 Chlorine 


4819.46 


[200] 

V4 

4810.06 


[200] 

V3 

4794.54 


[250] 

V2 


Co 27 Cobalt 


3529.813 

1000 R 

30 

U3 

3465.800 

2000 R 

25 

U2 

3453.505 

3000 R 

200 

U1 

3405.120 

2000 R 

150 


2519.822 

40 

200 


2388.918 

10 

35 


2378.622 

25 

50 w 


2363.787 

25 

50 


2307.857 

25 

50 w 


2286.156 

40 

300 1 

VI 


Cr 24 Chromium 


5208.436 

500 R 

100 

U4 

5206.039 

500 R 

200 

IJ5 

5204.518 

400 R 

100 

lie 

4289.721 

3000 R 

800 r 

U3 

4274.803 

4000 R 

800 r 

U2 

4254.346 

5000 R 

1000 

U1 

2800.934 

60 

100 

V5 
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Wave¬ 

length 

Intensities 

Sensi¬ 

tivity 

Wave¬ 

length 

Intensities 

Sensi¬ 

tivity 

Arc 

Spk.CDis.] 

Arc 

Spk.[Dis.] 

Cr 24 Chromium (coni.) 

Fe 26 Iron 

3748.264 

3745.903 

3745.504 

3737.133 

3719.935 

2413.309 

2410.517 

2404.882 

2.395.625 

2382.039 

500 

150 

500 

1000 r 
1000 R 

60 

50 

50 

50 

40 r 

200 

100 

500 

600 

700 

100 h 

70 h 

100 wh 
100 wh 
100 R 

U4 

U5 

US 

U2 

III 

V5 

V4 

V3 

V2 

VI 

2855.C7G 

2849.838 

2843.252 

2835.633 

60 

80 

125 

100 

200 wh 
150 r 

400 r 

400 r 

V4 

V3 

V2 

VI 

Cs 55 Caesium 

8943.50 

8521.10 

4593.177 

4555.355 

2000 R 
5000 R 
1000 R 
2000 R 

50 

100 

12 

11 

1:4 

ir3 

Ga 31 Gallium 

Cu 29 Copper 

4172.056 

4032.982 

2943.637 

2874.244 

2000 R 
1()00 R 

10 

10 

1000 R 

500 R 

20 r 

15 r 

U1 

U2 

IJ3 

U4 

5218.202 

5153.235 

5105.541 

3273.962 

3247.540 

2246.995 

2192.260 

2135.976 

700 

600 

500 

3000 R 
5000 R 

30 

25 

25 

1500 R 
2000 R 

500 

500 h 

500 w 

U3 

IJ4 

L5 

U2 

ri 

V3 

V2 

VI 

Gd 64 Gadolinium 

3768.405 

3646.196 

20 

200 w 

20 

150 


Ge 32 Germanium 

Dy 66 Dysprosium 

4226.570 

3269.494 

3039.064 

2709.626 

2651.575 

2651.178 

200 

300 

1000 

30 

30 

40 

50 

300 

1000 

20 

20 

20 

U3 

U2 

4211.719 

4167.966 

4077.974 

4045.983 

4000.454 

200 

50 

150 r 

150 

400 

15 

12 

100 

12 

300 


H 1 Hydrogen 

Er 68 Erbium 

6562.79 

4861.327 


[3000] 

[500] 

U2 

U3 

3906.316 

25 

12 






3692.652 

20 

12 



He 2 Helium 


3499.104 

18 

15 


5875.618 


[1000] 

U3 





4685.75 


[300] 



Eu 63 Europium 


3888.646 


[1000] 

U2 

4205.046 

200 R 

50 



Hf 72 Hafnium 


4129.737 

150 R 

50 R 










4093.161 

25 

20 



F9 Fluorine 


3134.718 

80 

125 






3072.877 

80 

18 


6902.40 


[500] 

U3 

2940.772 

60 

12 


0856.02 


[1000] 

U2 

2916.481 

50 

15 


5291.0 

200 



2904.408 

30 

6 
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Wave¬ 

length 

Intensities 

Sensi¬ 

tivity 

Wave¬ 

length 

Intensities 

Sensi¬ 

tivity 

Arc 

Spk. [Dis.] 

Arc 

Spk. [Dis.] 

Hf 72 Hafnium {coni.) 

Kr 36 Krypton 

2898.259 

2820.224 

2773.357 

2641.406 

2516.881 

2513.028 

50 

40 

25 

40 

35 

25 

12 

100 

60 

125 

100 

70 


5870.9158 

5570.2895 


[3000] 

[2000] 

U2 

13 

La 57 Lanthanum 

0249.929 

5930.648 

5455.146 

4123.228 

4077.340 

3949.106 

300 

250 

200 

500 

600 

1000 

1 

500 

400 

800 

111 

112 

113 
V4 
V3 
V2 

Hg 80 Mercury 

5400.740 

4358.35 

4046.561 

3603.276 

3654.833 

3650.146 

2536.519 

3000 w 
200 

500 

200 

2000 R 

[2000] 

500 

300 

400 

[200] 

500 

1000 R 

15 

1:4 

13 

12 

Li 3 Lithium 

6707.844 

6103.642 

4603.00 

3232.61 

3000 R 
2000 R 

800 

1000 R 

200 

300 

500 

111 

U3 

IJ4 

112 

Ho 67 Holmium 

3891.02 

3748.17 

2930.77 

200 

00 

40 

40 

1000 R 


Lu 71 Lutecium 

4518.57 

3554.43 

3472.48 

3397.07 

2911.39 

2894.84 

300 

50 

50 

50 

100 

00 

40 

150 

150 

20 r 

300 

200 


I 53 Iodine 

5464.61 

5101.188 

2002.38 


[900] 

[300] 

[900] 


In 49 Indium 

Mg 12 Magnesium 

4511.323 

4101.773 

3258.504 

3256.090 

3039.350 

5000 K 
2000 R 
500 R 
1500 R 
1000 R 

4000 R 
1000 R 

800 R 

600 R 

500 R 

U1 

U2 

U5 

L3 

114 

5183.018 

5172.699 

5167.343 

3838.258 

3832.306 

3829.350 

2852.129 

2802.695 

2795.53 

500 wh 
200 wh 
100 wh 
300 

250 

100 w 

300 R 

150 

150 

300 

100 wh 

50 

200 

200 

150 

100 R 

300 

300 

U2 

113 

114 

U1 

V2 

VI 

Ir 77 Iridium 

8513.645 

.3437.015 

3820.780 

2024.792 

2849.725 

100 h 

20 

100 

25 wh 

40 h 

100 

15 

30 

15 

20 h 

U2 

U1 

Mn 25 Manganese 

K 19 Potassium 

4034.490 

4033.073 

4030.755 

2605.088 

2593.729 

2576.104 

250 r 

400 r 

500 r 

100 R 

800 R 

300 R 

80 

80 

80 

500 R 
1000 R 
8000 R 

U3 

U2 

III 

V3 

V2 

VI 

7698.979 

7664.907 

4047.201 

4044.140 

5000 R 
9000R 
400 

800 

200 

400 

U2 

U1 

U4 

U3 
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Wave¬ 

length 

Intensities 

Sensi- 

Arc 

Spk.[Dis.] 

tivity 

Mo 42 Molybdenum 

3902.963 

1000 R 

500 R 

U3 

3864.110 

1000 R 

500 R 

U2 

3798.252 

1000 R 

1000 R 

Ul 

2909.116 

25 

40 h 

V5 

2890.994 

30 

50 h 

V4 

2871.508 

100 

100 h 

V3 

2848.232 

125 

200 h 

V2 

2816.154 

200 

300 h 

VI 

N 7 Nitrogen 

5679.56 

■ ■ 

[500] 

V2 

5676.02 


[100] 

V4 

5666.64 


[300] 

V3 

4109.98 


[1000] 

U2 

4103.37 


[80] 


4099.94 


[150] 

U3 

4097.31 


[100] 


Na 11 Sodium 

5895.923 

5000 R 

500 R 

IJ2 

5889.953 

9000 R 

1000 R 

Ul 

5688.224 

300 



5682.657 

80 



3302.988 

300 R 

150 R 

U4 

3302.323 

600 R 

300 R 

U3 

Nd 60 Neodymium 

4303.573 

100 

40 


4177.321 

15 

25 


3951.154 

40 

30 



Ne 10 Neon 












Ni 28 Nickel 


3524.541 

1000 R 

100 wh 


3515.054 

1000 R 

50 h 


3492.956 

1000 R 


U2 

3414.765 

1000 R 

50 wh 

Ul 

2287.084 

100 

BSm 

VI 

2270.213 

100 


V2 

2264.457 

150 


V3 

2253.86 

100 

1 300 1 

V4 


Wave¬ 

length 

Intensities 

Sensi- 

Arc 

Spk. [Dis.] 

tivity 

0 8 Oxygen 

7775.433 


[100] 

U4 

7774.138 


[300] 

U3 

7771.928 


[1000] 

U2 

Os 76 Osmium 

4420.468 

400 R 

100 


3267.945 

400 R 

30 


3262.290 

500 R 

50 


3058.66 


500 R 

500 


2909.061 

500 R 

400 

ill 

P 15 Phosphorus 

2554.93 


60 

[20] 


2553.28 


80 

[20] 

U3 

2535.65 


100 

[30] 

U2 

2534.01 


50 

[20] 


Pb 82 Lead 

5608.8 



[40] 

V2 

4057.820 

2000 R 

300 R 

Ul 

3683.471 


300 

50 

U2 

3639.580 

300 

50 h 

, , 

2833.069 

500 R 

80 R 

,. 

2614.178 

200 r 

80 


2203.505 

50 W 

5000 R 

VI 

2169.994 

1000 R 

1000 R 


Pd 46 Palladium 

3634.695 


2000 R 

1000 R 

U3 

3609.548 


1000 R 

700 R 

,, 

3516.943 


1000 R 

500 R 


3421.24 


2000 R 

1000 R 

U2 

3404.580 


2000 R 

1000 R 

Ul 

2854.581 


4 

500 h 


2658.722 


20 

300 


2505.739 


3 

30 


2498.784 


4 

150 h 


2488.921 


10 

30 



Pr 59 Praseodymium 


4225.327 

50 

40 

« . 

4189.518 

100 

50 


4179.422 

200 

40 

. . 

4062.817 

150 

50 
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Intensities 


Wave- 

1 ! 

Sensi- 

length 

Arc 

Spk. [Dis.] 

tivity 


Pt 78 Platinum 


3064.712 

2000 K 

300 R 

U1 

2997.967 

1000 R 

200 r 


2929.794 

800 R 

200 w 


2830.295 

1000 R 

600 r 


2659.454 

2000 R 

500 R 

IT2 


Ra 88 Radium 


4825.91 


[800] 

U1 

4682.28 


[800] 

V2 

3814.42 


[2000] 

VI 


Rb 37 Rubidium 


7947.60 

5000 R 


U2 

7800.227 

9000 R 


U1 

4215.556 

1000 R 

300 

U4 

4201.851 

2000 R 

500 

tT3 


Re 75 Rhenium 


4889.17 

2000 w 

j 

U2 

3460.47 

1000 w 


U1 


Rh 45 Rhodium 


3692.357 

500 hd 

1 150 wd 1 


3657,987 

500 W 



3434.893 

1000 r 

200 r 

IJl 

3396.85 

1000 w 



3323.092 

1000 

1 200 1 



Rn 86 Radon 




1 [000] 1 

U2 


1 


US 


Ru 44 Ruthenium 


3596.179 

30 

100 

U3 

3498.942 

500 R 

200 

III 

3436.737 

300R 

150 

U2 

2976.586 

60 

200 

.. 

2965.546 

60 



2945.668 

60 



2712.410 

80 

KH 


2692.065 

8 



2678.758 

100 

1 300 1 



Intensities 


Wave- 

_ ! 

Sensi- 

length 

Arc 

Spk. [Dis.J 

tivity 


S 16 Sulphur 


9237.49 

9228.11 

9212.91 

4696.25 

4695.45 

4694.13 


[200] 

[200] 

[200] 

[15] 

[30] 

[500] 

U6 

U5 

U4 

119 

U8 

U7 

Sb 51 Antimony 

3267.502 

150 

150 Wh 


3232.499 

150 

250 wh 


2877.915 

250 W 

150 


2598.062 

200 

100 


2528.535 

300 R 

200 


2311.469 

150 R 

50 


2175.890 

300 

40 

U2 

2068.38 

300 R 

3 

U1 

Sc 21 Scandium 

4023.688 

100 

25 

U3 

4020.399 

50 

20 

U4 

3911.810 

150 

30 

U1 

3907.476 

125 

25 

U2 

3642.785 

60 

50 

V3 

3630.740 

50 

70 

\2 

3613.836 

40 

70 

VI 


Se 34 Selenium 


4742.25 



U6 

4739.03 


■ISfl 

U5 



[1000] 

U4 



[800] 

U3 

2039.851 


[1000] 

TJ2 


Si 14 Silicon 























Sm 62 Samarium 


4434.321 


200 

V2 

4424.342 


300 

VI 



150 
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Wave¬ 

length 

Intensities 

Sensi- 

Arc 

vSpk. [Dis.] 

tivity 

Sn 50 Tin 

4524.741 

500 wh 

50 


3262.328 

400 h 

300 h 

U3 

3175.019 

500 h 

400 hr 

., 

3034.121 

200 wh 

150 wh 

.. 

3009.147 

300h 

200 h 


2863.327 

SOOR 

300 R 

U2 

2839.989 

300 R 

300 R 

III 

Sr 38 Strontium 

4962.263 

40 


U4 

4872.493 

25 


113 

4832.075 

200 

8 

U2 

4607.331 

1000 R 

50 R 

U1 

4305.447 

40 


, . 

4215.524 

300 r 

400 W 

V2 

4077.714 

400 r 

500 W 

VI 

3474.887 

80 

50 

,. 

3464.57 

200 

200 


3380.711 

150 

200 


Ta 73 Tantalum 

3406.664 

70 w 

18 s 


3318.840 

125 

35 


3311.162 

300 w 

70 w 

U1 

Tb 65 Terbium 

3874.18 

200 

200 


3848.75 

100 

200 


3561.74 

200 

200 


3509.17 

200 

200 


Te 52 Tellurium 

2769.67 


[30] 


2530.70 


[30] 


2385.76 

600 

[300] 

U2 

2383.25 

500 

[300] 

U3 

2142.75 

60 R 



Th 90 Thorium 

4019.137 

8 

8 


3601.040 

8 

10 


3538.75 


50 


3290.59 

.. 

401) 



Wave¬ 

length 

Intensities 

Sensi- 

Arc 

Spk. [Dis.j 

tivity 

Ti 22 Titanium 

6007.213 

200 

40 


4999.510 

200 

80 


4991.066 

200 

100 


4981.733 

300 

125 

ill 

3653.496 

500 

200 

U2 

3642.675 

300 

125 


3635.463 

200 

100 


3383.761 

70 



3372.800 

80 


V3 

3361.213 

100 


V2 

3349.035 

125 

800 R 

VI 

Tl 81 Thallium 

5350.46 

5000 R 

2000 R 

Ul 

3775.72 

.3000 R 

1000 R 

U2 

3519.24 

2000 R 

1000 R 

U3 

3229.75 

2000 

800 


2918.32 

400R 

200 R 


2767.87 

400 R 

300 R 


Tm 69 Thulium 

3761.917 

200 



3761.333 

250 

150 


3462.21 

200 



U 92 Uranium 

4241.669 

40 

50 


3672.579 

8 

15 


3552.172 

8 

12 

•• 


V 23 Vanadium 


4389.974 

80 R 

60 R 


4384.722 

125 R 

125 R 


4379.238 

200 R 

200 R 

Ul 

3185.396 

500 R 

400 R 

U2 

3183.982 

500 R 

400 R 


3183.406 

200 R 

100 R 


3125.284 

80 

200 B 


3118.383 

70 

200 R 

V4 

3110.706 

70 

SOOR 

V3 

3102.299 

70 

300 R 

V2 

3093.108 

100 R 

400 R 

VI 
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Wave¬ 

length 

Intensities 

Sensi¬ 

tivity 

Wave¬ 

length 

Intensities 

Sensi¬ 

tivity 

Arc 

Spk.[l)is.] 

Arc 

Spk. [Dis.] 

W 74 Tungsten 





4302.108 

60 

60 

11 


liU .3U Mnc 


4294.614 

50 

50 

U2 

6362.347 

1000 Wh 

500 


4008.753 

45 

45 

U3 

4810.534 

400 w 

300 h 


3613.790 

10 



4722.159 

400 w 

SOOh 


3215.560 

10 

9 


4680.138 

300 w 

200 h 


2589.167 

16 d 

25 


.s;i45.020 

800 

300 

112 

2397.091 

18 



3,m.588 

800 

300 

U3 


Xe 54 Xenon 


3282.333 

500 R 

300 

U4 





2557.958 

10 

300 

V3 

4671.226 


[20001 

U2 

2.502.001 

20 

400 w 

V4 

4624.276 


rioooi 

1J3 

2138.56 

800 R 

500 

U1 

4500.977 


[500] 

U4 

2061.91 

100 

100 

V2 

Yb 70 Ytterbium 

2025.51 

200 

200 

VI 

3987.994 

1000 R 

500 R 



Zr 40 Zirconium 


3694.203 

500 R 

1000 R 






3289.37 

500 R 

1000 R 


4772.312 

100 







4739 478 

100 




Yt 39 Yttrium 


4710.075 

60 



4674.848 

80 

100 

U1 

4687.803 

125 


U4 

4643.695 

50 

100 

U2 

3601.193 

400 

15 

U1 

3788.697 

30 

30 

,, 

3572.473 

60 

80 

V4 

3774.332 

12 

100 


3547.682 

200 

12 

TJ2 

3710.290 

80 

150 

VI 

3519.605 

100 

10 

U3 

3633.123 

50 

100 


3496.210 

100 

100 

V3 

3600.734 

100 

800 


3438.230 

250 

200 

V2 

3242.280 

60 

100 


3391.975 

300 

400 

VI 
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Sensitive Lines of Elements Arranged in order of Wavelength* 


Wave¬ 

length 

Ele¬ 

ment 

Intensities 

Sens!- 

Wave¬ 

length 

Ele- 

rnent 

Intensities 

Sensi¬ 

tivity 

Arc 

Spk. 

tivity 

Are 

Spk. [Oi8.[ 

92S7.49 

S I 



[200 


U6 

5519.115 

Ba I 

200 H 

60 R 

U,3 

9228.11 

.S I 



[200 

1 

115 

5465.487 

Ag I 

1000 R 

500 R 

U4 

9212.91 

S I 



[200 


U4 

5464.61 

I 11 


[900] 


894.S.50 

Cs I 

2000 R 




U2 

5460.740 

Hg I 


r2000] 


8521.10 

(» I 

5000 R 




Ul 

54.55.146 

La I 

200 

1 


U3 

8115.311 

A I 


1 rsoool 

U2 

5424.616 

Ba I 

100 R 

30 R 

114 

7947.60 

Rb I 

5000 R 




112 

5400.562 

Ne I 


r2000] 


7800.227 

Rb I 

9000 R 




Ul 

5.350.46 

T1 I 

5000 R 

2000 R 

Ul 

7775.433 

0 I 



[100 


U4 

5291.0 

bh Cah 

200 




7774.1.38 

0 I 



[300 


U3 

5218.202 

Cu I 

700 



US 

7771.928 

0 I 


flOOO 


U2 

5209.067 

Ag I 

1500 R 

1000 R 

US 

7098.979 

K I 

5000 R 




U2 

5208.436 

Cr I 

500 R 

100 


U4 

7064.907 

K I 

9000 R 




Ul 

5206.039 

Cr I 

500 R 

200 


U5 

7503.807 

A I 



700 

I 

U4 

5204.518 

Cr I 

400 R 

100 


U6 

7450.00 

Hn I 



600 


T'2 

5183.618 

Mg I 

500 wh 

300 



7067.217 

A I 



400 


U3 

5172.699 

Mg I 

200 wh 

I 100 wh 


7055.42 

Rn I 



400 


113 

5167..H43 

Mg I 

100 wh 

50 



6965.430 

A I 



400 


U3 

5161.188 

1 II 


[300] 


6902.40 

F I 



.500 


U3 

5153.2,35 

Cu I 

600 



114 

6850.02 

F I 


Ciooo 


U2 

5105.,541 

Cu I 

500 



U5 

6707.844 

Li I 

3000 R 


200 


Ul 

5007.213 

Ti I 

200 

40 



6562.79 

H I 


[3000] 

U2 

4999.510 

Ti I 

200 

80 



6438.4696 

Cd I 

2000 

1000 



4901.066 

Ti I 

200 

100 



6402.240 

Ne I 


[2000] 


4981.733 

Ti I 

300 

125 


Ul 

6362.347 

Zn I 

1000 Wh 


500 



4962.263 

Sr I 

40 



U4 

6249.929 

La I 

300 




ill 

4934.086 

Ba II 

400 h 

400 h 

V2 

6243.36 

A1 II 



100 


V3 

4889.17 

Re I 

2000 w 



U2 

6231.70 

A1 II 



30 



4872.493 

Sr I 

25 



US 

6103.042 

Li I 

2000 R 


300 


is 

4861.327 

H I 


[500] 1 

US 

5930.048 

La I 

250 




U2 

4832.075 

Sr I 

200 

8 


U2 

5895.923 

Na I 

5000 R 


500 R 

U2 

4825.91 

Ha I 


[800; 


Ul 

5889.953 

Na I 

9000 R 

1000 R 

Ul 

4819.46 

Cl II 


[200^ 


V4 

5875.618 

He I 


jooo] 


U3 

4816.71 

Br II 


[300 


VS 

5870.91.58 

Kr I 


3000] 


U2 

4810.5.34 , 

Zn I 

400 w 

300 

h 


5852.488 

\e I 


.2000] 



4810.06 1 

Cl II 


[200' 


VS 

5777.665 ] 

Ba I 

500 R 


100 R 

U2 

4704.54 < 

n II 


L*50’ 


V2 

5088.224 ] 

Sa I 

300 





4785.50 

Br II 


[400' 


V2 

5082.657 1 

Va I 

80 





4772.312 : 

Zr I 

100 




5079.56 1 

^ n 



500] 


V2 

4742.25 ‘ 

>e I 


[500] 

U6 

5676.02 ! 

II 



100] 


V4 

47,39.478 1 

Zr I 

100 




5660.64 T 

II 



soo] 


V3 

47.39.03 i 

^ I 


[800l 


U5 

5608.8 I 

»b II 




V2 

4730.78 ‘ 

^e I 


[loool 


U4 

5570.2895 1 

wr I 


[2000 1 


U3 

4722.552 ] 

Bi I 

1000 

100 



5535.551 I 

la I 1 

000 R 


200 R j 

Ul 

4722.159 : 

Zn I 

400 w 

300 h 



* Compiled from a combination of empirical and theoretical data selected from the 
literature, and reprinted by permission from the M.l.T. Wavelength Tables^ G. R. 
Harrison, ed., published by John Wiley & Sons, Inc., and the Technology Press. 

For the neutral atom, the most sensitive line (raie uliime) is indicated by Ul, and 
other lines by tJ2, U3, and so on, in order of decreasing sensitivity. For the singly 
ioniased atom, tlie corresponding designations are VI, V2, and so on. In cases where 
Ul or VI is not given, the most sensitive lines lie outside the spectral range 10,000- 
2000 A. 
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Wttve- 

Iprijjih 

Ele¬ 

ment 

Inlenailiea 

Sensi¬ 

tivity 

Wave¬ 

length 

Ele¬ 

ment 

Intensities 

Seuai- 

tivity 

Arc 

Spk. [Dia.] 

Arc 

Spk. [l>i«.] 

4710.075 

Zr I 

60 



4129.737 

Ell 

II 

150 R 

50 R 


4704.86 

Br II 


r250l 

VI 

4123.810 

Cb 

I 

200 

125 

U4 

4606.^5 

S I 


fisj 

119 

4123.228 

La 

II 

500 

500 

V4 

4695.45 

S I 


[30] 

118 

4109.98 

N 

I 


[lOOO] 

U2 

4694.18 

S I 


[500] 

117 

4103.37 

N 

III 


M 


4687.803 

Zr I 

125 


U4 

4101.778 

In 

I 

2000 R 

1000 R 

U2 

4685.75 

He II 


[300] 


4100.923 

Cb 

I 

300 w 

200 w 

U3 

4682.28 

Ra 11 


[800] 

V2 

4099.04 

N 

I 


[>50] 

US 

4680.188 

Zn I 

800 w 

200 h 


4097.31 

N 

III 


[100] 


4674.848 

Yt I 

80 

100 

Ul 

409.3.161 

Hf 

II 

25 

20 


4671.226 

Xe I 


[2000] 

IJ2 

4079.729 

('b 

I 

5()0 w 

200 w 

U2 

4648.695 

Yt I 

50 

100 

112 

4077.974 

I).v 


150 r 

100 


4624.276 

Xe I 


[1000] 

US 

4077.714 

Sr 

II 

400 r 

500 W 

VI 

4607.831 

Sr I 

1000 R 

50 R 

III 

4077.340 

La 

11 

600 

400 

V8 

4608.00 

LI I 

800 


U4 

4002.817 

Pr 


150 

50 


4593.177 

Cs I 

1000 R 

50 

114 

4058.938 

Cb 

I 

1000 w 

400 w 

Ul 

4555.855 

Ca I 

2000 R 

100 

13 

4057.820 

PI) 

I 

2000 R 

300 R 

Ul 

4554.042 

Ba II 

1000 R 

200 

VI 

4047.201 

K 

I 

400 

200 

U4 

4524.741 

Sn 

500 wh 

50 


4046.561 

Hg 

I 

200 

300 


4518.57 

Lu 

800 

40 


4045.983 

l).v 


150 

12 


4511.328 

In I 

5000 R 

4000 U 

Ul 

4044.140 

K 

I 

800 

400 

U3 

4500.977 

Xe I 


[500] 

U4 

4040.762 

(V 

II 

70 

5 


4464.781 

Ca I 

200 


U2 

4034.400 

Mn 

I 

260 r 

20 

U3 

4484.960 

Ca I 

150 


13 

4033.078 

Mn 

I 

400 r 

20 

U2 

4484.821 

Sm II 

200 

200 

V2 

4032.982 

Cia 

I 

1000 R 

500 R 

U2 

4425.441 

Ca I 

100 


U4 

4030.755 

Mn 

I 

600 r 

20 

Ul 

4424.342 

Sm II 

300 

800 

VI 

4023.688 

Sc 

I 

100 

25 

US 

4420.468 

Oa I 

400 II 

100 


4020.399 

Str 

I 

50 

20 

U4 

4390.865 

Sm II 

150 

150 


4019.137 

Th 


8 

8 


4889.074 

V I 

80 R 

60 R 


4012..888 

Ce 

I, II 

00 

20 


4384.722 

V I 

125 R 

125 H 


4008.753 

W 

I 

45 

45 

US 

4879.238 

V 1 

200 R 

200 R 

Ul 

4000.454 

H.V 


400 

300 


4358.35 

Hg I 

8000 w 

500 


3987.994 

Yb 


1000 R 

500 R 


4805.447 

Sr II 

40 



8908.408 

Ca 

II 

500 R 

600 R 

V2 

4808.578 

Nd 

100 

40 


3961.527 

A1 

1 

3000 

2000 

Ul 

4802.108 

W I 

60 

60 

Ul 

8951.154 

Nd 


40 

30 


4294.614 

W I 

50 

50 

U2 

8949.106 

Lu 

II 

1000 

800 

V2 

4289.721 

Cr I 

3000 R 

800 r 

U3 

3944.032 

A1 

I 

2000 

1000 

U2 

4274.808 

Cr I 

4000 R 

800 r 

U2 

8933.666 

Ca 

II 

600 R 

600 R 

VI 

4267.27 

C II 


500 

V2 

8911.810 

Sc 

I 

150 

SO 

Ul 

4267.02 

C II 


350 

V3 

3907.476 

Sc 

I 

125 

25 

U2 

4254.346 

Cr I 

5000 R 

1000 

Ul 

3906.316 

Er 


25 

12 


4241.669 

U 

40 

50 


8905.528 

Si 

I 

20 

15 W 


4226.728 

Ca I 

500 R 

50 W 

Ul 

8902.968 

Mo 

I 

1000 R 

500 R 

U8 

4226.570 

Ge I 

200 

50 


8891.785 

Ba 

II 

18 

25 

V4 

4225.827 

Pr 

50 

40 


8891.02 

Ho 


200 

40 


4215.550 

Rb I 

1000 R 

300 

U4 

8888.646 

He 

I 


[lOOO] 

U2 

4215.524 : 

Sr II 

300 r 

400 W 

V2 

8874.18 

Tb 


200 

200 


4211.719 

I)y 

200 

15 


8864.110 

Mo 

I 

1000 R 

600 R 

IJ2 

4205.046 

Eu II 

200 11 

50 


8848.75 

Th 


100 

200 


4201.851 

Rb 1 

2000 R 

500 

U3 

8888.258 

Mg 

I 

300 

200 

U2 

4189.518 

Pr 

100 

50 


3882.306 

Mg 

I 

250 

200 

US 

4186.599 1 

Ce II 

80 

25 


8829.350 

Mg 

I 

100 w 

150 

U4 

4179.422 1 

Pr 

200 

40 


8814.42 

Ra 

II 


[2000] 

VI 

4177.321 : 

NTd 

15 

25 


8798.252 

Mo 

1 

1000 R 

1000 R 

Ul 

4172.056 < 

Cia I ! 

2000 R 

1000 R 

Ul 

8788.697 

Yt 

II 

SO 

30 


4167.966 ] 

Oy 

50 

12 


3775.72 ’ 

Tl 

I 

3000 R 

1000 R 

U2 

4165.606 < 

Ce II 

40 

6 


S7T4.332 

Yt 

II 

12 

100 


4187.095 ( 

Cb I 

100 

60 

U5 

8768.405 < 

Gd 


20 

20 


4130.664 ] 

Ba II 

50 r 

60 Wh 

V3 

S761.917 ' 

Tm 


200 

120 
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Wave¬ 

length 

Ele¬ 

ment 

Intensities 

. Sensi¬ 
tivity 

Wave- 
lengl h 

Ele- 

ment 

Intensities 

Sensi¬ 

tivity 

Arc 

Spk.[Di..] 

Arc 

Spk. Qlis.J 

8701.S33 

Tm 

460 

150 


.3461.41 

B II 

5 

30 

V4 

8748.464 

Fe I 

500 

400 

r4 

34.38.430 

Zr II 

450 

400 

V4 

8748.17 

Ho 

60 

40 


3437.015 

Ir I 

40 

15 


8745.903 

Fe I 

150 

100 

E5 

34,30.737 

Ru I 

300 R 

150 

IJ4 

8745.564 

Fe I 

500 

500 

VS 

34,34.893 

Rh 

1000 R 

400 r 

Ul 

3787.133 

Fe I 

1000 r 

600 

U4 

3441.44 

Pd I 

4000 R 

1000 R 

V2 

3719.9.35 

Fe I 

1000 R 

700 

n 

3414.765 

Ni I 

1000 R 

50 wh 

Ul 

J710.290 

Yt II 

80 

150 

VI 

.3406.664 

Ta 

70 w 

18 s 


8694.403 

Yb 

500 R 

1000 R 


3405.120 

Co 1 

4000 R 

150 


5694.654 

Er 

40 

14 


3404.580 

Pd I 

4000 R 

1000 R 

Ul 

8694.357 

Hh I 

500 hd 

150 wd 


3403.653 

C'd 1 

800 

500 h 


3683.471 

Pb I 

300 

50 

1*4 

3397.07 

Lu 

50 

40 r 


8674.579 

V 

8 

15 


8396.85 

Rh I 

1000 w 

500 


8603.476 

Hg I 

600 

400 

IJ5 

3391.975 

Zr II 

300 

400 

VI 

8657.987 

Rh 1 

500 W 

400 W 


3.383.761 

Ti II 

70 

300 R 


8654.833 

Hg 1 


feool 

14 

.3,384.891 

Ag I 

1000 R 

700 R 

U4 

3653.496 

TI I 

500 

200 

U4 

3380.711 

Sr II 

150 

400 


3650.146 

Hg I 

400 

500 

ITS 

8374.800 

Ti rr 

80 

400 R 

V3 

3646.196 

<;d 

400 w 

150 


3361.213 

'Pi II 

100 

600 R 

V4 

8644.785 

Sc 11 

60 

50 

V3 

3349.035 

Ti n 

145 

800 R 

Vl 

3644.675 

Ti 1 

300 

145 


8345.040 

Zn 1 

800 

300 

U2 

3639.580 

Pb I 

300 

50 h 


3343.094 

Rh I 

1000 

200 


8635.463 

Ti I 

400 

100 


3.341.343 

Be I 

1000 r 

30 

U4 

3634.605 

Pd 

4000 R 

1000 R 

113 

3341.086 

Be I 

100 


US 

8633.143 

Yt II 

50 

100 


8341.013 

Be I 

50 


U4 

8680.740 j 

Sc 11 

50 

70 

V4 

8318.840 

Ta 

125 

85 


8613.886 

Sc 1/ 

40 

70 

Vl 

8311.164 

Ta 

800 w 

70 w 

Ul 

8618.790 

W 11 

10 

80 


3.304.988 

Na I 

300 R 

150 R 

U4 

8610.510 

C6 I 

1000 

600 


8.304.588 

Zn I 

800 i 

300 

U3 

8609.548 

Pd I 

1000 R 

700 R 


S.304..323 

Na I 

600 R 

800 R 

IJ3 

8601.193 

Zr I 

400 

15 

Ul 

3490.59 

1'h 


40 h 


8601.040 

Th 

8 

10 


3489.87 

Yb 

600 R 

1000 R 


8600.734 

Yt II 

100 

300 


3484.333 

Zn I 

600 R 

300 

U4 

8596.179 

Ru I 

SO 

100 

ITS 

8480.683 

Ag I 

4000 R 

1000 R 

Ul 

8574.478 

Zr II 

60 

80 

V4 

3473.964 

Cu I 

.3000 R 

1500 R 

U4 

8561.74 

Tb 

400 

400 


3469.494 

Gc 1 

300 

.300 

U3 

3554.43 

Lu 

50 

150 


3467.045 

Os I 

400 R 

.30 


3554.174 

U 

8 

14 


3467.504 

Sb I 

150 

150 Wh 


8547,684 

Zr I 

400 

14 


3464.348 

Sii 1 

400 h 

300 h 

U3 

8538.75 

Th 


50 


3464.490 

Os I 

600 R 

50 


3549.818 

Co I 

1000 R 

30 

VS 

3401.057 

Cd I 

300 

800 


8544.541 

Ni I 

1000 R 

100 wh 


3258.564 

In I 

600 R 

300 R 

U6 

3519.605 

Zr I 

100 

10 

x:s 

3456.090 

In I 

1500 R 

600 R 

US 

8519.44 

TI I 

4000 R 

1000 R 

vs 

3447.540 

Cu I 

5000 R 

4000 R 

Ul 

3516.948 

Pd I 

1000 R 

500 R 


3444.480 

Yt II 

60 

100 


8515.054 

Ni I 

1000 R 

50 h 


.34.32.61 

Li I 

1000 R 

500 

r4 

3518.645 

Ir I 

100 h 

100 

U4 

3234.499 

Sb I 

150 

450 wh 


8509.17 ' 

Tb 

400 

400 


3449.75 

TI I 

4000 

800 


8499.104 

Er 

18 

15 


3445.479 

Cb II 

150 w 

800 wr 


8498.944 ] 

Ru I 

500 R 

400 

ill 

3440.780 : 

Ir I 

100 

30 

Ul 

8496.410 : 

Zr II 

100 

100 

\3 

8416.560 

W I 

10 

9 


8494.956 : 

Ni I 

1000 R 

100 h 

U2 

3104.977 1 

Cb II 

80 

300 


8474.887 ! 

Sr n 

80 

50 


3185.396 ' 

V I 

600 R 

400 R 

u« 

8474.48 

Lu 

50 

150 


3183.984 

V I 

600 R 

400 R 


8466.401 < 

Cd I 

(000 

500 


3183.406 ' 

V I 

200 R 

jooa 


8465.800 < 

Co I i 

eoooR 

45 

U4 

8179..334 ■ ( 

Ca 11 

100 


V3 

8464.57 

Sr n 

400 

400 


3175,019 5 

in I 

500 h 

/400 hr 


8464.41 

Era 

400 

100 


3163.404 1 

Cb 11 

15 

8 


8460.47 

Re I ' 

1000 W 

,, 

Ul 

8158,869 { 

Ca II 

100 

1 300 w 

V4 

8458.505 1 

Co I i 

JOOOR 

400 

Ul 

3134.718 1 

m n 

80 M 

i| 

' ns I 

L- 
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Wave¬ 

length 

Ele¬ 

ment 

Inteu.sities 

Sensi¬ 

tivity 

Wave¬ 

length 

Ele¬ 

ment 

Intensities 

Sensi¬ 

tivity 

Arc 

Spk, CHis.n 

Arc 

Spk. [Dis.]] 

8131.072 

Be 

n 

200 

150 

V2 

2833.069 

Pb 

I 

500 R 

80 R 


3130.786 

Cb 

II 

100 

100 


2830.295 

Pt 

I 

1000 R 

600 r 


8130.416 

Be 

II 

200 

200 

VI 

2820.224 

Hf 

II 

40 

100 


3125.284 

V 

II 

80 

200 R 


2816.179 

A1 

II 

10 

100 

V2 

3118.383 

V 

11 

70 

200 R 

V4 

2816.154 

Mo 

II 

200 

300 h 

VI 

811(^700 

V 

II 

70 

300 R 

V3 

2809.625 

Bi 

I 

200 w 

100 


3102.209 

V 

II 

70 

300 R 

V2 

2802.095 

Mg 

11 

150 

300 

V2 

8004.183 

Cb 

II 

100 

1000 

VI 

2802.19 

All 



200 


3093.108 

V 

11 

100 R 

400 R 

VI 

2795.53 

Mg 

II 

150 

300 

VI 

8092.713 

A1 

1 

1000 

1000 

113 

2780.621 

Bi 

I 

2(8) w 

KMt 


8082.155 

A1 

I 

800 

800 

1:4 

2780.197 

As 

I 

75 R^ 

75 

V5 

8072.877 

Ilf 

I 

80 

18 


2773.357 

Ilf 

11 

25 

00 


3071.591 

Bu 

I 

100 R 

50 R 

IJ5 

2769.67 

To 

I 


[30] 

,, 

3067.716 

Bi 

I 

3000 hR 

2000 wh 

III 

2767.87 

T1 

I 

400 R 

300 R 


8064.712 

Pt 

I 

2000 R 

300 R 

HI 

2748.58 

(d 

11 

5 

200 


8058.06 

Os 

I 

500 H 

500 


2712.410 

Ru 


80 

300 


8039.350 

In 

I 

1000 R 

500 R 

1:4 

2709.026 

Ge 

1 

30 

20 


3039.004 

Ge 

I 

1000 

1000 

12 

2692.005 

Rii 


8 

200 


3034.121 

Sn 

1 

200 wh 

150 wh 


2678.758 

Ru 


100 

800 


3009.147 

Sn 

I 

300 h 

200 h 


2675.95 

Au 

I 

250 R 

100 

II2 

2997.067 

Pt 

I 

1000 R 

200 r 


2609.166 

A1 

II 

3 

100 

VI 

2989.029 

Bi 

1 

250 wh 

100 wh 


2659.454 

Pt 

I 

2000 R 

500 R 

II2 

2976.586 

llu 


00 

200 


2658.722 

Pd 

11 

20 

300 


2065.546 

Ru 


60 

200 


2651.575 

(le 

1 

80 

20 


2945.668 

Ru 


60 

300 


2651.178 

(ie 

I 

40 

20 


2943.037 

Gu 

I 

10 

20 r 

13 

2650.781 

Be 

I 

25 


{j6 

2940.772 

Ilf 

I 

00 

12 


2641.406 

Hf 

II 

40 

125 


29.38.298 

Bi 

I 

300 w 

300 w 


2631.553 

Al 

II 


40 


2936,77 

IIo 



1000 H 


2614.178 

Pb 


200 r 

80 


2929.794 

Pt 

I 

800 R 

200 w 


2605.688 

Mn 

II 

100 R 

500 R 

VS 

2924.792 

Ir 

I 

25 wh 

15 


2598.062 

Sb 

I 

200 

1(K) 


2918.32 

T1 

I 

400 R 

200 R 


2593.720 

Mn 

II 

200 R 

1000 R 

V2 

2916.481 

Hf 

I 

50 

15 


2589.167 

W 

11 

15 d 

25 


2911.39 

Lu 


100 

300 


2578.104 

Mn 

II 

300 R 

2(K)0 R 

VI 

2909.116 

Mo 

II 

25 

40 h 

vr> 

2573.09 

ICd 

II 

3 

160 


2909.061 

Os 

1 

500 R 

400 

Vl 

2557.958 

2n 

II 

10 

300 

VS 

2904.408 

Hf 

1 

30 

6 


26.54.93 

IP 

I 

60 



2898.71 

.\8 

I 

25 r 

40 


2553.28 

P 

I 

1 80 

[20] 

US 

2898.259 

Hf 

1 

50 

12 


25.36.519 

Ilj? 

I 

2000 R 

1000 R 

U2 

2897.075 

Bi 

1 

5(M) WR 

500 VsH 

12 

2535.65 

P 

I 

100 

Hio] 

! 112 

2894.84 

Lti 


00 

200 


2534.01 

P 

I 

50 

[20] 


2890.994 

Mo 

II 

30 

50 h 

V4 

25,30.70 

Te 

I 


D^o] 


2881.578 

Si 

I 

500 

400 

I’l 

2528.535 

Sb 

1 

300 R 

200 


2877.915 

Sb 

I 

250 W 

150 


2528.516 

Si 

I 

4(K> 

500 

' U2 

2874.244 

Gu 

I 

10 

16 r 

114 

2519.822 

Co 

II 

40 

200 


2871.508 

Mo 

II 

100 

100 h 

V3 

2516.881 

Hf 

II 

35 

100 


2863,327 

Sn 

I 

300 R 

300 R 

IT2 

2516.123 

Si 

I 

500 

500 

iis 

2860.9.34 

Cr 

II 

60 

100 

V5 

2513.028 

Hf 

II 

25 

70 


2860,452 

As 

I 

50 r 

50 


2506.809 

Si 

1 

300 

200 

U4 

2855.676 

Cr 

II 

60 

200 Wh 

V4 

2.505.739 

Pd 

11 

3 

30 


2854.581 

P<1 

11 

4 

500 h 


2502.001 

Zn 

II 

20 

400 w' 

V4 

2852.129 

Mg 

I 

300 R 

100 R 

ri 

2498.784 

Pd 

II 

4 

150 h 


2849.8,38 

Cr 

II 

80 

150 r 

vs 

2497.733 

B 

I 

600 

400 

Ul 

2849,725 

Ir 

I 

40 h 

20 h 


2496.778 

B 

I 

300 

300 ! 

U2 

2848.282 

Mo 

II 

125 

200 h 

V2 

2488.921 

Pd 

II 

10 

30 ! 


2843.252 

Cr 

11 

125 

400 r 

V2 

2478.673 

C 

I 

1 400 

[400] ! 

U2 

2889.989 

Sn 

I 

800 R 

300 R 

ITl 

2456.53 

As 

I 

100 r 

8 j 

114 

2887.602 

C 

II 


40 

V5 

2437.791 

Ag 

II 

60 

500 wh 

V2 

2836.710 

C 

II 


200 

V4 

2427.95 

Au 

I 

400 R 

100 

III 

2835.683 

Cr 

II 

100 

400 r 

VI 

2413.309 

Fe 

U 

: 60 

100 h 

V5 
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Wave¬ 

length 

Ele¬ 

ment 

Intensities ' 

Sensi“ 

Wave¬ 

length 

Ele- 

nieut 

Intensities 

Sensi¬ 

tivity 

Arc 

Spk. [Dis.] 

tivity 

Arc 

Spk. [Dis.] 

«410.517 

Fe 

11 

50 

70 h 

V4 

2286.156 

Co 

II 

40 

300 1 

Vl 

2404.882 

Fe 

II 

50 

1 (K) wh 

V3 

2276.578 

Bi 

I 

100 R 

40 


2397.091 

W 

II 

18 

30 


2270.213 

Ni 

II 

100 

400 

V2 

2395.625 

Fe 

II 

50 

100 wh 

V2 

2265.017 

Cd 

II 

25 d 

300 

V2 

2888.918 

Co 

II 

10 

35 


2264.457 

Ni 

II 

150 

400 

V3 

2385.76 

Te 

I 

600 

[800] 

12 

2253.86 

Ni 

II 

100 

800 

V4 

2383.25 

Te 

I 

500 

[SOOJ 

1'3 

2246.995 

Cu 

II 

30 

500 

V3 

2382.039 

Fe 

U 

40 r 

100 R 

Vl 

2246.412 

Ag 

JI 

25 

300 hs 

V3 

2378.622 

Co 

II 

25 

50 w 


2203.505 

Ph 

11 

50 W 

5000 R 

Vl 

2870.77 

As 

I 

50 r 

3 


2192.260 

('» 

II 

25 

600 h 

V2 

2369.67 

As 

I 

40 r 



2175.890 

Sb 

1 

300 

40 

Vi 

2863.787 

Co 

II 

25 

50 


2169.994 

Pb 

I 

1000 R 

1000 R 


2349.84 

As 

I 

250 R 

18 

1/3 

2144.382 

Cd 

11 

60 

200 R 

Vl 

2348.610 

Be 

I 

2000 R 

50 

U1 

2142.75 

IV 

I 

60 R 



2335.269 

Ba 

II 

60R 

100 R 


2138.56 

Zu 

I 

800 R 

600 

Ul 

2312.84 

Cd 

II 

1 

200 


2135.976 

Cu 

II 

25 

500 w 

Vl 

2311.469 

Sb 

I 

150 R 

50 


2068.38 

Sb 

I 

800 U 

8 

Ul 

2307.857 

Co 

II 

25 

50 w 


2062.788 

Se 

I 


[800] 

U3 

2304.235 

Ba 

II 

60 R 

80 R 


2062.88 

1 



[900] 


2296.89 

C 

III 


200 


2061.91 

Zn 

II 

100 

100 

V2 

2288.12 

As 

I 

250 R 

5 

FS 

2061.70 

Bi 

I 

300 R 

100 


2288.018 

Cd 

I 

1500 R 

300 R 

Ul 

2039.851 

Se 

I 


[R>w>] 

U*2 

2287.084 

Ni 

II 

100 

500 

VI 

2025.61 

Zn 

II 

200 

200 

Vl 
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Electric field, effect of: 
on atomic spectra, 251-252, 550 
on molecular spectra, 296 
Electrodeless discharge tubes, 192, 551 
circuit for, 551 
Electrodes, spark, 193 
Electron multipliers, 316-317 
Electron spin, 240 
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Electronic energy levels: , 
in atoms, 228-243 
in molecules, 269-276 
Electronic spectra: 

diatomic molecules, 283-239 
rotational fine structure in, 286 
vibrational structure of, 284 
polyatomic molecules, 289-293 
rotational fine structure in, 291-293 
vibrational structure of, 290-291 
Electronic structures of the atoms. Table 
of, 256 

Electron-volt, unit of energy, 232 
Emission spectroscopy, 10 

qualitative analysis by, see Qualitative 
analysis, spectrochemical 
quantitative, see Quantitative analysis, 
spectrtKihemical 
Emulsions, photographic: 
calibration of, 328, 331-335 
characteristic curve of, 144, 150 
characteristics of, 141-151 

variation with wavelength, 151 
commercial, for spectrum photography, 
150, 162-164 
composition of, 142 
density of, 143 
developers for, 157 
development of, 142 
fixing of, 142, 155-156 
for vacuum ultraviolet, 540 
graininess of, 148 
handling of, 152-153 
hypersensitization of, 161, 164 
latitude of, 147 
negative, 141-165 
normal exposure of, 145 
oil-sensitized, 541 
photometric characteristics of, 327 
positive, 141 

processing of in photographic photom¬ 
etry, 348 

resolving power of, 148 
Schumann, 151 
selection of, 149 
sensitivity of, 145 
sensitized, 161 
speed of, 146 

standardization of, 343-346 
sulphuric-acid-digested, 541 
turbidity of, 149 

wavelength ranges of sensitivity in, 164 
Enclosed arcs, 184-188 
carbon, 188 

electrical characteristics of, 184-188 
metallic, 175-177 
Table of characteristics of, 176 
Energy levels: 
atomic, 228-243 
molecular, 261-276 


Envelope of vibration-rotational bands, 
283 

Etalon, Fabry-Perot, 548, 553-555, 558- 
509 

adjustment of, 565 

coatings for, 563-565 

crossing of, with spectrograph, 565 

design of, 560-563 

operation of, 560-563 

reduction of patterns of, 567 

resolving power of, 560 

spacers for, 562 

wavelength measurement with, 568 
Ex'citation potential, 231, 232 
Excited states, 247 
Exit slit, 136-138 
Exclusion principle, Pauli, 253 
Exploded wires as sources, 179 
Exposure, photographic, timing of, 347 
Extinction coefficient, 363-369 
molecular, 365 
Extinction points, 380 
Eye: 

brightness, discrimination of, 378 
density match by, 349 
spectral sensitivity of, 6 

F 

/-electron, 239 

Fabry-Perot etalon, see Etalon, Fabry- 
Perot 

Far infrared, 5, 472-473 
Fery spectrograph, 65 
Fiducial marks: 
in comparator, 212 

in infrared spectrometer records, 481, 
488 

Filters: 

Christiansen, 416, 473 
gaseous, 415 

glass, transmission curves of, 414 
infrared, 473-474 
interference, 415 
liquid, 415 
optical, 414 

powder, for infrared, 473 
ultraviolet, 414 
visible, 414 
Fixation pairs, 462 

Fixing of photographic emulsions, 142, 
156 

Flame arcs, 180 
Flame excitation, 178 
Flame photometers, 437 
Flames: 

as light sources, 178-179 
as sources in spectrochemical analysis, 
437, 453 

Flat-topped spectrum lines, 134 
Fluctuations in dark current, 322-823 
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Fluorescence, 293, 410—414, 421--422 
Fluorescence spectroscopy, 14, 22, 410- 
414 

Fluorimetry, 410-414 

Fluorine, spectrochemical analysis of, 446 

Fluorite: 

dispersion of, 51, 534 
ultraviolet absorption of, 532-583 
Focal isolation, 475 
Focusing, 106-107 
Focusing lens, 39 
Food analysis by fluorescence, 15 
Food technology, spectroscopy in, 22 
Foods, analysis of, 22-33 
Forbidden transitions, 246 
Forensic sj>ectroscopy, 25 
Fiirsterling prism, 58 
Foucault knife-edge test, 98, 103 
Fractional distillation in spectrochemical 
analysis, 442 

Franck-Ckindon principle, 284-285, 290, 
295 

Fraunhofer lines, 250 
Frequency, 4 

Table of, in electromagnetic spectrum, 3 
Fringes, Fabry-Perot, 559 
Fundamental frequencies of molecules, 
266, 280 

Fundamental series, 239 
Fundamentals, 266, 280 

G 

“gamma,’* 145 

Gehrcke-Lau multiplex interference spec¬ 
troscope, 554 

Geiger-Mliller counter in sjjectrocdiemical 
analysis, 467 

Geissler tube, 189, 550-551 
Gelatin, absorption of ultraviolet by, 151 
General Electric-Hardy photoelectric 
spectrophotometer, 400-408 
Gerlach and Schweitzer method of spec¬ 
trochemical analysis, 462 
Ghosts: 

Lyman, 44, 100 
Howland, 44, 100 
testing for, 100 

Glass, reflection of ultraviolet by, 536 
Glasses, optical, dispersion of, 30, 51 
Olimmschicht method, 440, 453 
Globar, 178, 476 
Glow-discharge tul)es, 189 
Golay, cell, 308-309 
Graininess of emulsions, 148 
Gtaphite electrodes, 180-181, 438, 454 
for spectrochemical analysis, 438, 454 
Grating equation, 34, 75 
Grating holders, 109 
adjustment of, 109 


Grating monochromators, 94 
Grating spectrographs, see Spectrographs, 
/ grating 

Grating spectrometers for infrared, 482 
Gratings, see Diffraction gratings 
Grazing-incidence spectrographs, 538 
Ground state, 231, 247 
(I roup frequencies. Table of, 270 
Guild photometer, 384 

II 

‘TI and D” curve, 144 
Halation, 161 

Half-intensity breadth, 120, 251, 548 
Half-width, see Half-intensity breadth 
Hardy photoelectric spectrophotometer, 
406-408 

Harrison automatic comparator, 223-226 
Harrison automatic recording spectro¬ 
photometer, 408-410 
Hartmann diaphragm, 101, 202 
Hartmann test, 101 

Hartmann's law of homochromatic pho¬ 
tometry, 328 

Hartmann's wavelength formula, 215 
Hayes cell, 308 
Head, band, 288 
Heat waves, 2 

Heating current in bolometers, 303 
Helium, ultraviolet absorption of, 532 
Heterochromatic photometry, 326, 342- 
346 

uses of, 342 

High-pressure mercury arcs, 186-188 
Table of characteristics, 186 
Hilgcr densitometer, 353 
Hilger-Nutting polarizing spectropho¬ 
tometer, 381-382 

Hilger photoelectric spectrophotometer, 
405 

Hochheim alloy, 564 
Hollow-cathode discharge tubes, 190, 551 
circuit for, 551 

in spectrochemical analysis, 440 
Homochromatic photometry, 326, 330- 
342 

Homologous pairs, 462 

Housings for vacuum spectrographs, 539 

Hund’s rule, 243 

Hydrogen: 

atomic energy levels in, 229 
atomic spectrum of, 229 
discharge tubes of, 191 
ultraviolet absorption of, 532 
Hyperfine structiu-e, 547, 549 
of mercury green line, 547 
Hypersensitization of infrared-seasitive 
emulsions, 162 
Hypo, 142, 156 



598 


SUBJECT INDEX 


Ilford “Q” plates, 162 
Illumination of s|>ectroscope, 118-140 
Image, latent, see Latent image 
Image of source, 126-131 
enlarged, 127 
Image, spectral 

optimum illumination for, 130-133 
Incandescent arcs, 180-181 
Incandescent electric lamps, 173-175 
brightness of, 174 
color temperature of, 174 
Inertia of photographic emulsion, 146 
Infrared absorption: 
liquid cells for, 486-488 
measurement of, 484 
vapor cells for, 485 
Infrared filters, 473 
Infrared monochromators, 70 
Infrared, photoelectric, 5, 472 
Infrared, photographic, 5, 472 
Infrared prism materials. Table of, 477 
Infrared sources, 473 
Infrared spectrometers: 
grating, 482-485 
prism, 477-483 
calibration of, 481 

Infrared spectrophotometers, 488-493 
Infrared spectroscopy, 472-505 
applications of, 494-504 
astrophysical, 502-503 
biolo^cal, 502-504 

comparison with Raman spectroscopy, 
521-523 

molecular structtire from, 500 
qualitative analysis by, 494-497 
quantitative analysis by, 497-500 
Infrared spectrum, 4-5, 472 
rotational absorption in, 277 
selective reflector for, 474 
transmission of materials in, 477 
vibrational absorption in, 278-283 
Intensities of spectrum lines: 
determination of ratios of, 334 
estimates of, 220 
in atomic spectra, 243-248 
photoelectric measurement of, 314-325 
photographic measurement of, 326-361 
rules for multiplets, 248 
scales for, 220 
sum rules for, 248 
Intensity, radiant, 130-133 
Intensity rules in atomic spectra, 248 
Intensity-time curves for moving-plate 
method, 443 

Interatomic distance, see Intemuclear 
distance 

Interference filters, 415 
Interferometric spectroscopy, 547-573 


Internal standards for quantitative analy¬ 
sis, 462, 527 

Intemuclear distance, determination from 
spectra, 289 

Interval rule in atomic spectra, 243 
Inverse-square law, variation of intensity 
by, 341 

Inversion rule in atomic spectra, 243 
Ionization potentials, 232 
Table of, 234, 235 
Ions, spectra of, 21, 255-259 
Isoelectronic ions, 258 
Isotope-structure of spectrum lines, 547 

J 

Johnson noise, 312 
Judd-Lewis photometer, 393, 394 
Judd-l^wis spectrum comparator, 204, 
205 

Julius suspension, 309 
K 

Ketosteroids, infrared spectra of, 503 
Keuffel and Esser color analyzer, 383 
Knife-edge test, 98, 103 
Koch microdensitoraeter, 353 
Kbnig-Martens spectrophotometer, 379- 
381 

Krypton discharge tubes, 551 

L 

Z, *9 coupling, 246 
Lambert, definition of, 377 
Lambert’s law of absorption, 362-364 
Land^’s interval rule, 243 
Latent image, 142, 143 
Latitude of photographic emulsions, 147 
Lead, spectrochemical analysis for, 460 
I^ad sulfide photocell, 318, 502 
Lenses: 
care of, 115 

cylindrical, as condensing lenses, 129 
testing of, 97 

Life of incandescent filaments, 174-175 
Light sources, 166-198 
applications of, 168 
cathodoluminescent, 196 
classification of, 166-167 
discharge tubes, 188-192, 550-552 
enclosed arcs, 184-188 
for absorption spectrophotometry, 368 
for high resolution spectroscopy, 550- 
552 

for Raman effect, 509-513 

for spectrochemical analysis, 437, 453 

for vacuum ultraviolet, 540 

luminous power of, 169 

mercury arcs, 184-188 

methods of excitation, 160 
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Light sources (Coni.) 
open arcs, 179-183 
sparks, 19^2-196 

spectral energy distribution in, 167-168 
the sun, 197 

Table of characteristics, 168 
thermal, 179-179 
Limit of resolution, 553 
Line broadening, 548 
Line shape, 119, 548 
Line spectra, 10, 2^^8-260 
Linear apertiu^, 28 
Linear dispersion, 27, 35 
Linear rotator, 263 
Linearity of response, 300, 315 
Lines, spectrum, 2, 8 
flat-topped, 134 

Liquids, liandling of, in spectrochemical 
analysis, 441 
Lithium fluoride; 
disj)ersion of, 534 
infrared absorption of, 477 
ultraviolet absorption of, 533 
Littrow mounting, 62-65, 478-479 
defects of, 62 

Loading of plateholder, 154 
Logarithmic sector, 335-336 
Low-pressiu*e mercury arcs, 184 
Lumen, definition of, 169 
Lummer-Broadliun photometer, 384 
Lummer-Ciehrcke plate, 548,554,556-558 
Lyman ghosts, 44, 100 
Lyman series in hydrogen spectrum, 229 

M 

Magnetic field, effect of: 
on atomic spectra, 252-253 
on molecular spectra, 296 
Ma^etic rotation spectra, 296 
Major constituent, 446 
Manufacturers of spectroscopic equip¬ 
ment, List of, 50 

Martens type of polarizing photometer, 
378 

Master plate spectrogram of R. U. 
powder, 447 

Master spectrogram, 436, 447 
Match points, determination of, ^7, 397 
Matrix in spectrochemical analysis, 454- 
456 

Maximum picker, 225 
Measurement of spectrograms, 208-214 
Measurement of wavelengths, ifee Wave¬ 
length measiuemont 
Medicine, spectroscopy in, 21 
Meggers-Scribner rule, for rates ultimes^ 
433 

Mercury, spectrum of, 203, 343 
Mercury-vapor discharge tubes, 190 
Metal bolometers, 303 


Metallic arcs, 181 
Metallurgy, spectroscopy in, 24 
Metastable state, 247 
Method of coincidences in wavelength' 
measurement, 215 
Michelson echelon, 548 
Microdensitometers, 350-361 
Micron, definition of, 4 
Microwave region, 1, 3, 278, 296 
rotational absorption in, 278, 296 
Millilambert, definition of, 377 
Millimicron, definition of, 4 
Mineralogy, spectroscopy in, 24 
Minerals, identification of, 25 
Minor constituent, 446 
Mirrors, care of, 115 

Molecular energy levels, summary chart 
of, 298 

Molecular extinction coeflEicient, 365, 369 
Molecular potential curves, 271 
Molecular spectra in the vacuum ultra¬ 
violet, 544 

Molecular structure from infrared spectra, 
500 

Molecular structure from Raman spectra, 
523-526 

Molecules, structure of, from spectra, 17, 
21, 500-502, 523-526 
Moll densitometer, 355 
Moll relay, 310 

Moments of inertia of molecules, 262 
Monochromators, 49, 69-70, 94-95, 319, 
477-484 

grating, 94-95, 482-484 
infrared, 70, 477-484 
prism, 69 
slit widt hs in, 136 
transmission factors of, 344 
ultraviolet, 69 
van Cittert, 70 
Morse curves, 271-272, 285 
Mountings for grating spectrographs, see 
Spectrographs, grating 
Moving-plate methods, 441-444 
Multiple-beam photometers, 394-396 
Multiple-exposure methods in photo¬ 
graphic photometry, 340 
Multiple prism, 53 
Multiplets, 201, 240 
Multiplicity in atomic spectra, 240, 241 
alternation of, 260 
Multiplier tubes, electron, 316-317 
Multiply ionized atoms, 543 

N 

Natural breadth of spectrum line, 549 
Near infrared, 2-5, 472 
Negative feedback, 311 
Nernst glower, 177, 475-476 
Neutrality, 300, 315 
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Nitrogen: 

spectrochemical analysis of, 446 
ultraviolet absorption of, 531 
Noise in photocells, 3i^-823 
Noncoherent radiation, 118 
Normal-incidence grating spectrographs 
for vacuum ultraviolet, 535 
Normal spectrum, 34 
Normal vibrations, 266 
Notched-echelon cell, 373, 395 
Notched-echelon-cell photometer, 395 

O 

Opacity, 143, 365, 369 
Open arcs, 179-183 
Optical comparators, 350 
Optical density, 143, 365, 369 
Optical filters, see Filters, optical 
Ori^n, band, 288 

Oscilloscope in spectrochemical analysis, 
468-469 
Overtones, 280 

Oxygen, ultraviolet absorption of, 531 
P 

P-branch, 281, 287 
p-electron, 239 
Panoramic property, 301 
Parallel bands, 281, 287-288 
Paschen-Runge mounting, 79 
Paschen series in hydrogen spectrum, 229 
Pauli principle, 253 
Per cent transmission, 365, 369 
Periodic Table, 253-260 
Perpendicular bands, 281, 287-288 
Pfund arc, 182, 218 
Pfund mirror, 479 
pH and absorption spectra, 421 
Photocells, 314-325 
dark current in, 321 
incorporation in spectrographs, 319 
Photochemical measurement of ultra¬ 
violet radiation, 542 
Photochemistry, 17 
Photoconductive cells, 317-318 
Photoconductive effect, 314 
Photoelectric colorimeters, 412 
Photoelectric densitometers, 352 
Photoelectric infrared* 5, 472 
Photoelectric spectrometers, 324-325 
Photoemissive cells, 316 
Photoemissive effect, 314 
Photoflash lamps, 178 
Photographic darkroom, 153 
Photographic emulsions, see Emulsions, 
photographic 

Photographic materials, for vacuum ultra¬ 
violet, 540 

Photographic photometry, 141, 326-361 
short-cut methods for, 349-350 


Photographic plates, see also Emulsions, 
photographic 
bending of, 153 
coating of, 153 
cutting of, 153 
developers for, 157 
for spectrography, 141 
handling of, 152-153 
processing of, 155 
rapid drying of, 156 
standard sizes of, 152 
storage of, 152-153 
Photometers: 

Judd-l-cwis, 393, 394 
multiple-beam, 394-396 
notched-echelon-cell, 395 
rotating-sector, 393 
Spekker, 393 
split-beam, 393 
Photometry: 

heterochromatic, 326, 342-346 
homochromatic, 326, 330-342 
photographic, 141, 326-361 
apparatus for, 346-350 
emulsions for, 346-347 
methods for, 346-350 
processing of emulsions, ,348 
selection of sj>ectrograp}i for, 346 
timing of exposures in, 346-347 
Photomicrographic lamp, General Elec¬ 
tric, 175 

Photorelays, 310 
Photosynthesis, 17 
Photovoltaic cells, 318 
Photovoltaic effect, 314 
Physics, spectroscopy in, 20 
Planck radiation law, 171 
Plane-grating spectrographs, see Spectro^ 
graphs, grating, plane 
Plane gratings, see Diffraction gratings, 
plane 

Planetary atmospheres, infrared spectra 
of, 502 

Plate-calibration methods for absorption 
spectrophotometry, 389 
Plate factor, 28, 35, 214, 215 
Plate standardization, 343-346 
Plateholders, 40, 80-82. 154 
loading of, 154 

for Paschen-Runge mounting, 80-82 
Platinum: 
reflection of, 536 
spectrochemical analysis for, 452 
Pneumatic radiometer, see Golay cell 
Pointolite, 175 
Pole effect in Pfund arc, 218 
Police work, spectroscopy in, 25 
Polyatomic molecules: 
electronic spectra of, 289-‘293 
vibrational spectra of, 278-28S 
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Positive-ray plates, 541 
Potential curves, 271-272, 285 
Powder filters, 473 
Preburning of electrodes, 439 
Pressure broadening, 251, 295, 549 
Pressure effect: 
on atomic spectra, 251 
on molecular spectra, 295 
Principal quantum number, 232 
Principal series, 239 
Prism, infrared, 472 
Prism monochromators, 69 
Prism spectrographs, see Spectrographs, 
prism 
Prisms: 

Amici, 56 

angular dispersion of, 31 
care of, 115 
Cornu, 52, 69 
dimensions of, 31 
dispersion of, 29, 30, 51, 52, 534 
fluorite, 52, 477, 534 
lithium fluoride, 52, 477, 534 
multiple, 53 
Pellin-Broca, 56 
potassium bromide, 52, 477 
quartz, 52, 477, 533, see also Spectro¬ 
graphs, prism, quartz 
resolving power of, 31 
rock salt, 52, 477 
sylvine, 52, 477 
testing of, 54, 97 
thallium bromo-iodide, 477-478 
Profession, band, 285 
Projection comparator, 210-212 
Pulsed discharge tubes, 197 

Q 

Q-branch, 281, 287 
Qualitative analysis: 

by emission spectra, 11, 424-429 
by infrared, 494-497 
by Raman spectra, 526-527 
spectrographic, of materials, 11, 424- 
449 

Quantitative anlysis: 

by infrared spectra, 497-500 
by Raman spectra, 526-528 
spectrocheraical, 12, 450-471 
advantages of, 450 
basic procedure of, 451-453 
calibration curve of photographic 
emulsion in, 459 

determination of extremely low con¬ 
centrations, 465 

determination of high concentra¬ 
tions by, 463-465 
for non-metallic elements, 467 
method of internal standards, 462 
photoelectric methods for, 467-471 


rapid methods for, 466-467 
sample preparation for, 454 
selection of lines for, 457-458 
selection of spectrograph for, 456- 
457 

sources for, 453-454 
si>ecial methods for, 461-471 
standards for, 454-455 
typical example of, 459 
working curve for, 457-458 
Quantometer, 469-470 
Quantum number, principal, 232 
Quantum numbers, 232-233, 263-273 
Quartz: 

crystalline, double refraction of, 30, 52 
ultraviolet absorption of, 532-533 
Quartz spectrographs, see Spectrographs, 
prism, quartz 

R 

/?-branch, 281, 287 
11. U. charts, 206, 436, 437 
R. U. powders, 206, 436 
spectrum of, 447 
Radiant intensity, 130 
Radiation: 

blackbody, 170 
thermal, 170 

Radiation detectors, nonphotographic, for 
vacuum ultraviolet, 542 
Radiation sources, see Light sources 
Radiation temperature, 172 
Radiometers, 301 
Radiometry, 301 
Raies ultirneSy 206, 429-434, 447 
Raman effect: 
diagram of, 507 
discovery of, 506 
rotational, 277 
vibrational, 278-283 
Raman spectra, measurement of, 209 
Raman spectroscopy, 506-529 
applications of, 521-545 
comparison with infrared, 521-523 
excitation unit for, 511-513 
filters for, 510-511 
intensity measurement in, 518 
light sources for, 509-510 
molecular structure from, 523-526 
photoelectric detection in, 517-521 
polarization of lines in, 518 
qualitative analysis by, 526-527 
quantitative analysis by, 526-528 
spectrographs for, 514-518 
technique of, 508-509 
Rayleigh criterion, 28, 119, 120, 548 
Rayleigh scattering, 506 
Receiver, thermocouple, 306 
Reciprocal dispersion, definition of, 28 
Reciprocity law, 145 
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Recorders for radiometers, 313-314 
Recording densitometers, 358 
Recording methods in radiometry, 309 
Reduced mass, 231 
Reduction of etalon patterns, 567 
Reflecting powers of materials in vacuum 
ultraviolet, 536 
Reflection echelon, 554 
optical systems for, 571 
resolving power of, 572 
Replica gratings, 35, 36 
Residual rays, 474 
Resolving power, 28, 31, 119, 553 
of photographic emulsions, 148 
Resonance broadening, 549 
Resonance fluorescence, 296 
Resonance radiometer, 311 
Responsivity, 300 

Rest-strahlen, see Residual rays, 474 
Reversal, photographic, 145 
Reversed lines, 250 
Rolling the grating, 112 
Rotating-sector photometer, 393, 397 
Rotational energy levels, 261-265 
diagram of, 264 

Rotational fine structure in vibrational 
spectra, 280 
equation for, 281 

Rotational fine structure of an electronic- 
vibrational band, 286, 291 
equation for, 287 
Rotational spectra, 276 
Rotator: 

asymmetrical-top, 263 
linear, 263 
spherical-top, 263 
symmetrical-top, 263 
Rowland circle, 73, 77 
Rowland ghosts, 44, 100 
Rowland mounting, 77 
Russell-Saunders coupling, 246 
Rydberg constant, 228 
Rydberg series, 228 

S 

,9-electron, 239 
Safelights, 154 
Satellite lines, 555 
Schumann emulsion, 151 
Schumann plates, 540 
Schumann region, 530 
Scrap metal, analysis of, 25 
Selection rules: 
atomic, 240, 246 

electronic, in diatomic molecules, 284 
for molecules, 276-293 
vibrational, in electronic apectra, 284, 
291 

Selenium, spectrochemical analysis of, 445 
Self-absorption, 550 


Self-electrodes, 437 
Self-reversal, 250 
Sensitive lines, 429 
Chart of, 430 

List of, 431, see also Appendices 1 and 
2 

Table of, by elements, 574-581 
Table of, by wavelengths, 582-586 
Tables of, 223 
Sensitivity, 147, 300, 315 

absolute improvement of, 434-436 
concentrational, 426 
of detection, 426 
absolute, 426-428 
Table of elements, 428 
of emulsions, variation with wave- 
len^h, 151 

Sensitization of emulsions, 161 
Sensitometry, 144 
Sequence band, 285 
Series, 228 
Balmer, 229 
diflfuse, 239 
fundamental, 239 
Lyman, 229 
Paschen. 229 
principal, 239 
Rydberg, 228 
sharp, i&9 
Series limit, 228 
Series member, 228 
Sharp series, 239 
Shell of electrons, 236, 254 
penetration of, 237 
Sirks’ construction, 92 
Slit width: 
choice of, 121 
critical, 122, 123 
effect on spectral purity, 134 
entrance, 134, 136 
exit, 136 
Slits, 36-38 

adjustment of, 104, 105 
exit, effect on spectral purity, 136 
illumination of, 127-130 
by extended source, 130 
pseudo use of lens for, 105 
step, 338 
testing of, 96 
wedge, 338 
wide, use of, 134-136 
Sodium atom: 
energy levels in, 238 
series in, 238, 239 
Sodium-vapor arc, 188 
Solarization, 145 

Solvent effects on molecular spectra, 297 
Solvents for absorption spectrophoto¬ 
metry. 417-418 
Sources, see Light sources 
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Spark electrodes, 193 
Sparks, 192 

as sources in spectrochemical analysis, 
453 

characteristics of, 192-193 
electrical circuit for, 194 
hot, in vacuum, 195 
Spectra, infrared, catalogues of, 497 
S[)ectral lines, see Spectrum lines 
Spectral purity, slit width and, 134 
Spectral series, 228 

Spectrochemical analysis, see also Quanti¬ 
tative analysis, sp>ectrochemical: 
light sources for, 437 
master spectrograms for, 436 
photographic plates for, 444 
sample report of, 448 
Tables for, 431-433 
Spectrograms: 
definition of, 8 
enlargement of, 155 
measurement of, 208 

Spectrographic analysis, qualitative. 424- 
449 

Spectrt^graphic carbons, 438 
Spectrographs: 

aperture ratio of, 43 
astigmatism in, 45 

comparison of prism and grating, 40-42, 
48, 49 

definition of, 8 
efficiency of, 42 
grating: 

Abney mounting, 78, 79 
adjustment of, 109-115 
astigmatism in, 90 
choice of mounting, 89 
concave, 73 
Eagle mounting, 83 
focusing of, 107, 112 
for Raman effect, 515-518 
for vacuum ultraviolet, 535-540 
grazing-incidence, 538 
Littrow-mounting of, 72 
Meggers-Bums type, 86 
normal-incidence, 535-537 
Paschen-Runge mounting, 79 
plane, 71-73 
adjustment of, 114 
reduction of astigmatism in, 90-93 
Rowland mounting, 77, 89, 90 
selection of mounting for, 75 
stigmatic mounting, 85 
testing of, US 
Wadsworth mounting, 85 
adjustment of, 114 
illumination of, 118 
incorporation of photocells in, 319 
of high resolving power, selection of, 
552-555 


Spectrographs: (jCont) 
prism, 51-70 

dispersion curve of, 207-209 
F6ry, 65, 66 
focusing of, 106, 107 
for Raman effect, 514-515 
for vacuum ultraviolet, 532-535 
infrared, 477 
Littrow, 62-65, 68-69 
quartz, 59-62, 66, 67 

specifications of commercial, 388 
special design, 58 
testing of, 101 

with interchangeable optics, 68 
Zeiss, 58 

space requirements for, 47, 48 
speed of, 42 

transmission factor of, 43, 131, 133, 139 
vacuum equipment for, 539 
with interchangeable optics, 68 
Spectrometers, 8, 54, 56 
adjustment of, 108 
infrared, 477-485 
photoelectric, 324 

for spectrochemical analysis, 467-471 
simple. 54 
wavelength, 56 

Spectrophotelometer, Cenco, 403-404 
Spectrophotometry, see Absorption spec¬ 
trophotometry 

Spectroscopes, see also Spectrographs: 
definition of, 7, 8 
direct-vision, 57 
transmission factors of, 133 
transmission of radiant power: 
expression for, 138, 139 
factors involved, 133-139 
Spectroscopic activity, 279 
Spectroscopy: 
definition of, 2 
origins of, 2 
uses of, 15-25 
Spectrum: 
electromagnetic, 1-7 
infrared, 4-5 
photography of, 141-165 
step, 335 

subdivisions of, 2, 3 
ultraviolet, 6-7 
visible, 6 
wedge, 335 
Spectrum charts, 203 
Spectrum lines, 2, 8 
by comparison, 201 
descriptive notation for, 213 
estimates of intensities of, 213, 220 
identification by appearance, 201 
identification by wavelength, 207 
intensity estimates for, 213, 220 
natural breadth of, 549 
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Spectrum lines (Coni.)' 
reversal of, 250 
shapes of, 45 
Spectrum magnifier, 209 
Specular density, 351 
Speed of an emulsion, 146 
Spekker photometer, 393, 394, 397 
Spekker Steeloscope, 54, 55, 436 
Spherical-top rotator, 263 
Spin, electron, 240 
Split-beam photometers, 391 
Spreading of photographic image, 101 
Standardization of emulsions, M3-346 
light sources for, 343 
with continuous source, 345 
Stark effect, 251-252, 296, 550 
Stationary states, 231 
Statistical weight, 244 
Steeloscope, 54, 55, 436 
Stefan-Boltzinann law, 171 
Step diaphragm, 338 
Step sector, 335-336 
Step slit, 338 

Step weakener, 336-337, 338 
Steradiancy, 131, 169 
Stokes* law of fluorescence, 508 
Stokes lines, 508 

Stripping of photographic plate in de¬ 
velopment, 156 
Structure of molecules: 
from infrared spectra, 500 
from Raman spectra, 523-526 
Sulfur, spectrochemical analysis of, 445 
Sum rules for intensities in atomic spec¬ 
tra, 248 

Sun: 

as a source of radiation, 197 
spectrum of, 18-19 
Sun lamps, 185-186 
Symmetrical-top rotator, 263 
Symmetry: 

and infrared spectra, 500-501 
and molecular spectra, 279-280 
and Raman spectra, 523-525 
molecular, 263, 266 
System, band, 285 

T 

Target-pattern test, 98 
Telescope lens, 39 
Temperature, effect of: 
on atomic spectra, 249-250 
on molecular spectra, 294 
Term symbol: 
atomic, 242 
molecular, 271 
Testing: 

of diffraction gratings, 93, 98 
of lenses, 97 

of prism spectrographs, 101 


I Testing: (Cont.) 
of prisms, 97 
of slits, 96 

' “Thalofide** cell, 318 
Thermal emission, see Light sources, 
thermal 

Thermocouples, 305-308 
Thermoelectric densitometers, 355-356 
Thermoluminescent detection, 542 
Thermopiles, 305-308 
Thorium lamp, 178 
Threshold of detection, 315 
Top, molecular, 263 
Totally symmetrical vibrations, 280 
Transmission factor of spectrographs, 43, 
131, 1.S3, 139 

Transmissivity, 143, 365, 369 
Transition, 245 
Transition probability, 246 
Tungsten, incandescent: 
brightness of, 17J1-174 
color temperature, 173-174 
data for, 173-174 
steradiancy of, 174 
Turbidity, 149 
“Twin-T'* circuit, 311 
Tyndall scattering, 506 

U 

ITltimate lines. 429, see also Rates tdtimes 
Ultraviolet absorption spectrophotom¬ 
etry, see Absorption spectropho¬ 
tometry 

Ultraviolet spectrum, the, 6-7 
Underwater spark, 195 
Uviarcs, 184-186 

V 

Vacuum spark, 195 
Vacuum ultraviolet: 

spectrographs for, 531-540 
spectroscopy of, 530-546 
applications of, 543 
Vibration-rotation band, 281 
Vibrational energy levels, 266-269 
Vibrational frequencies, Table of, 270 
Vibrational spectra, 278 
rotational fine structure of, 280 
Vibrational structure of diatomic spectra* 
284 

Vibrations; 
harmonic, 266 
normal, 266 

totally symmetrical, 280 
Visible spectrum, 6 
Visual brightness discrimination, 878 
Visual methods in spectrophotometry, 
374-384 

Visual spectroscopes, 8, 50-57 
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W 

Wadsworth mounting: 
of concave gratings, 85 

Table of wavelengths and focal dis¬ 
tances, 87 

of infrared prism spectrometers, 478 
Water-vapor: 

infrared absorption band in, ‘282 
ultraviolet absorption of, 531 
Wavelength comparator, 209 
Wavelength measurement: 
by linear interpolation, 215 
by method of coincidences, 215 
Hartmann interpolation formula for, 
215 

sources of error in, 220 
Wavelength ranges of spectral regions 
1~3 

Wavelength scales, 40, 42, 00 
Wavelength standards: 
computation of, 219 
for vacuum untraviolet, 543 
primary, 216-217 
secondary, 217^219 
Tables of, 216 


Wavelength standards: {Coni.) 
tertiary, 219 

Wavelength Tables, list of, 221-222 
Wavelength, units of, 4 
Wave number, definition of, 4 
Wedge, optical, 337, 338 
Wedge slit, 338 
W'edge spectrograms. 102, 390 
Welsbach mantle, 178 
Western Union concentrated arc, 177 
Wien equation, 171 
Wien’s displacement law, 170 
Winmac, 568-569 
Wire-gauze screens, 341 
Wood’s tube in Raman spectroscopy, 
508-509, 512 

Working curves, 457-458, 499 
for infrared analysis, 499 

Z 

Zeeman effect, 252, 551 
Zero-point energy, 267 
Zero points in visual photometry, 380 
Zirconium arc. 177 
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